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Summary
Objectlve:--This study examined the intraclass reliability· of different measures of the
excitability of the Hoffmann reflex, derived from stimulus-response curves. The slope of the
regression line of the H-reflex stimulus-response curve advocated by Funase et al. (1994) was
also compared to the peak of the first derivative of the H-reflex stimulus-response curve
(dHIdVmax), a new measure introduced in this investigation. A secondary purpose was to explore
the possibility of mood as a covariate when measuring excitability of the H-reflex arc.
Methods: The H-reflex amplitude at a stimulus intensity corresponding to 5% of the
maximum M-wave (Mmax) is an established measure that was used as an additional basis of
comparison. The H-reflex was elicited in the soleus for 24 subjects (12 males and 12 females)
on five separate days. Vibration was applied to the Achilles tendon prior to stimulation to test
the sensitivity of the measures on test day four. The means of five evoked potentials at each
gradually increasing intensity, from below H-reflex threshold to above Mmax, were used to create
both the H-reflex and M-wave stimulus response curves for each subject across test days. The
mood of the subjects was assessed using the Subjective Exercise Experience Scale (SEES) prior
to the stimulation protocol each day.
Results: There was a modest decrease in all H-reflex measures from the first to third test day,
but it was non-significant (P's>0.05). All measures of the H-reflex exhibited a profound
reduction following vibration on test day four, and then returned to baseline levels on test day
five (P's<0.05). The intraclass correlation coefficient (ICC) for H-reflex amplitude at 5% of
Mmax was 0.85. The ICC for the slope of the regression line was 0.79 while it was 0.89 for
dH/dVmax. Maximum M-wave amplitude had an ICC of 0.96 attesting to careful methodological
controls. The SEES subscales of fatigue and psychological well-being remained unchanged
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across the five days. The psychological distress subscale (P<O.05), as well as the amplitude of
the H-reflex_.at5% Mmax·(P<O.OI) showed a significant cubic trend across the live days. No
significant correlation was found between Hs% and psychological distress (P>O.05).
Conclusions: The peak of the first derivative of the H-reflex stimulus-response curve
(dH/dVmax) was shown to have comparable reliability and sensitivity to other more established
measures of excitability. Psychological distress and the amplitude of the H-reflex at 5% Mmax
follow similar trends across days, however there was no significant correlation between the two
measures.
Significance: The proposed method appears to be a more robust measure ofH-reflex
excitability than the other methods tested. As such it would be an advantageous method to apply
in clinical and investigative settings. Additionally, the results suggest that the relationship
between psychological distress and H-reflex amplitude should be investigated further.
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Chapter 1: Introduction
The Hoffmann Reflex-(H-reflex) isa monosynaptic-neuromuscular response first
described by Hoffmann (1918). It can be evoked in most limb muscles by percutaneous
electrical stimulation of the Ia sensory fibres of an associated nerve. Recordings of this reflex
are used as a clinical tool to investigate spinal pathways and to quantify the level of excitability
of the motoneuron pool (Kamen & Caldwell, 1996). There are several measures that can be
extracted from an H-reflex recording to provide an estimate of excitability. However, we are
concerned with the reliability of these measures. A reliable measure of excitability provides
confidence that any changes reflect physiological changes, not variability in the measurement
technique. The reliability of a measure can have important implications in both experimental
planning and in clinical settings. A higher reliability translates to lower error and higher
statistical power. Information about the reliability of a measure is therefore important in sample
size estimation. In clil1ical settings, a more reliable measure increases confidence that any
observed changes truly reflect changes to the biophysical properties of the system under
investigation.
Traditionally, the characteristics of the H-reflex used to make clinical assessments are the
maximum amplitude of the response, or the amplitude of the response at certain percentages of
the maximum amplitude of the motor response (Mmax). The maximum amplitude of the H-reflex
has been demonstrated to be reliable across days (Hopkins et aI, 2000). However, the literature
focusing on the reliability of each of these measures is limited, despite their wide-spread use.
None of these measures is without limitations that interfere with the estimate of excitability of
the reflex arc, which could affect their reliability. Funase et al. (1994), therefore, have suggested
an alternate method of using H-reflex recordings to assess neuromuscular activity, which
attempts tQ avoid these limitations.
The method proposed by Funase et aI. (1994) suggests that the slope of the regression
line of the H-reflex stimulus-response curve (S-R curve), calculated below the threshold of the
M-response can be used as a measure of excitability of the reflex arc. In theory, changes in
neuromuscular excit~bility alter the slope of the stimulus-response curve. An increase in
excitability would result in an increase in the peak-to-peak amplitude of the response, which
would lead to an overall shift of the stimulus-response curve to the left. The opposite would be
true for a decrease in excitability. It is suggested that because this method is free from any
collision effects, it is an effective method of evaluating excitability (Funase et aI., 1994). More
recently, this method has been used clinically in assessments of recovery of hemiplegic patients
(Higashi et aI., 2001). However, the characteristics and the reliability of this method have not
beel1 investigated, and it is not without its own limitations.
Funase et aI. (1994) calculated the slope using a linear regression, which was a least-
squares fit to the ascending limb of the stimulus-response (S-R) curve. The ascending limb of
the curve, however, is sigmoidal in shape and is poorly approximated by a linear fit. Since the
slope of the regression line provides a rate of change in the curve, tllis study explores the first
derivative of the H-reflex S-R curve as an alternate, perhaps an even better, method of
assessment. The peak of the first derivative of the H-reflex S-R curve takes into account all of
the points on the ascending limb of the curve and provides an indication of the maximal rate of
change of excitability of the reflex arc. However, the measurement characteristics and the
reliability of this proposed method of assessment are also unknown.
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There are several factors that are known to affect the reliability of an H-reflex recording.
These factorsjuclude, but are-not limited to, the position of the subject-(Hopkins et aI., 2000; AI-
Jawayed et aI., 1999), the placement of electrodes (Delagi & Perotto, 1980), the duration of the
stimulus (Williams et aI., 1992) and the interval between stimuli (Pierrot-Deseilligny & Mazevet,
2000). One factor that may also be related to changes in reflex excitability is the mood, of the
subjects. Mood is how an individual feels at any given moment. It is affected by environmental
stimuli and can fluctuate readily (Silva & Weinberg, 1982). The possible relationship between
mood and spinal excitability has not been investigated. It has been suggested that anxiety
associated with the anticipation of a noxious stimulus can affect force production in interpolated
twitch studies (Behm & Button, 2002), where the nerve is electrically stimulated during a
maximum voluntary contraction. The construct of mood, however, llas never been measured in
such a study.
The primary purpose of this research is to investigate tIle reliability of estimating
excitability of the reflex arc using selected criterion measures of the H-reflex. These measures
include the following: (1) calculating the slope of the regression line of the stimullls-response
curve of the H-reflex, (2) calculating the peak of the first derivative of the stimulus-response
curve, and (3) the traditional method of calculating tIle maximum amplitude of the H-reflex
response and the amplitude at 5% Mmax. Vibration will also be used to test the sensitivity of each
measure to physiological changes.
A secondary purpose of this study, therefore, was to investigate the possibility that mood
is a covariate in measures of the excitability of the H-reflex arc. On each of the five test days,
subjects were asked to fill out a Subjective Exercise Experience Scale (SEES). This is a twelve-
item, self-report measurement developed to assess mood following an exercise bout (McAuley &
4Courneya, 1994). It consists of questions aimed at investigating three subscales of psychological
state: Psy.cholo_gical Well-being, Psychological Distress and Fatigue. Subjects~were asked to
respond to each of the questions on a seven-point Likert Scale ranging from "not at all" (1) to
"very much so" (7).
Investigation of the reliability of the measures and of the possibility of psychological
state as a covariate was accomplished using a repeated-measures design. Twenty-four subjects
participated in a total of five test sessions. During each session the H-reflex was elicited by
stimulation of the tibial nerve and the resulting electromyographic (EMG) activity was recorded
from the soleus. The stimulus intensity was gradually increased from below the threshold of the
H-reflex to above the maximum M-wave, with five stimuli being delivered at each intensity.
The mean peak-to-peak amplitude of the responses was used to generate a stimulus-response
curve for the H-reflex and the M-wave on each day. Each of the criterion measures were drawn
from these stimulus-response curves across days to determine reliability. The first three test days
were used to establish a baseline for each of the measures. On test day four vibration was
applied to the Achilles tendon immediately prior to nerve stimulation to test the sensitivity of the
measures. Day five was then used to ensure that the Ineasures return to baseline.
A repeated measures analysis of variance and calculation of the intraclass correlation
coefficient were used to determine the reliability of each of the H-reflex measures. A repeated
measures analysis of variance with an orthogonal polynomial breakdown was used for statistical
trend testing for means ofH-reflex measures and the three subscales of the SEES across days.
This provides important implications in future studies using the H-reflex, where, perhaps mood
would be a useful covariate in neuromuscular studies using the H-reflex.
51.1 Assumptions
The -foJlowing assumptions were made in the-present investigation:
1. Surface electromyography recordings of the H-reflex reflect excitability of the H-reflex
arc
2. The slope of the regression line of the H-reflex stimulus-response curve is a measure of
the rate of change in motoneuron excitability as a function of increased input to the Ia
sensory fibers.
3. The first derivative of the H-reflex stimulus-response curve is a measure of the maximum
rate of change in H-reflex arc excitability as a function of increased input to the Ia
sensory fibers.
4. The maximum amplitude of the M-response represents the stimulus intensity at which all
motor units are being recruited.
5. Mood is a construct that can be measured by self-report.
6. Mood can be accurately measured by the Subjective Exercise Experience Scale.
7. Subjects responded to all of the questions on the Subjective Exercise Experience Scale
honestly and accurately.
1.2 Delimitations
1. This study included only college-aged subjects, free of neurological disorders.
2. Only the right leg was investigated.
3. Only the soleus muscle was investigated.
4. Mood was measured only with the Subjective Exercise Experience Scale.
61.3 Limitations
1. Since_Quly_ college-aged subjects were tested the -results of this investigation may not
apply to populations of a different age group.
2. Since only the right leg was investigated the results may not apply to the left side of the
body. Side-to-side differences may exist.
3. Since only one muscle in the lower leg (the soleus) was investigated, the results may not
apply to muscles in other limbs or to other muscles in the lower leg.
4. Since this study used only one method of investigating mood, the prediction of mood
through alternative measures may not be applicable to these results.
1.4 Definitions
Electromyography (EMG) - A technique used to record electrical signals within skeletal
muscle.
Excitability - how close a cell is to its firing threshold.
H-Reflex - An electrically-evoked stretch reflex first described by P. Hoffmann (1918).
A monosynaptic neuromuscular response, readily measured in most limb muscles.
Intraclass Correlation Coefficient (ICC) - A comprehensive method of assessing
reliability using values from an analysis of variance. Provides a reliability coefficient for two or
more measurements on the same element.
Motoneuron Pool - A group of motoneuron cell bodies within the spinal cord.
Motor Unit - A motoneuron and all of the muscle fibers it innervates.
Monosynaptic Reflex - An involuntary reaction to a stimulus involving a single synaptic
connection.
M-Response - A direct motor response of a muscle evoked by exciting motor fibers
through electric_al stimulation-of a nerve.
Mood - A relatively stable subjective feeling state. A multidimensional construct
anchored by positive and negative poles.
Reliability - Repeated measurements on the same person results in similar scores during
baseline conditions.
Subjective Exercise Experience Scale (SEES) - A self-report questionnaire designed to
give a multidimensional assessment of mood. Addresses three subscales: Psychological Well-
being, Fatigue and Psychological Distress.
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8Chapter 2: Review of Literature
2.1 Electromyography
Electromyography (EMG) is the study of muscular activity through analysis of the
electrical signals associated with voluntary and involuntary muscle contractions (Basmajian &
DeLuca, 1985). Two methods of obtaining EMG recordings are through the use of indwelling or
surface electrodes. Indwelling recordings are accomplished by inserting fine wire electrodes
directly into the muscle fibers. This method is advantageous in that it allows for the observation
of activity within a single motor unit (Gabriel et aI., 2001). However, it is debatable whether
these recordings reflect the behaviour of the whole muscle (Rau & Disselhort-Klung, 1997).
Surface EMG involves the recording of such electrical activity through electrodes placed on the
surface of the skin over a muscle. This method is advantageous in that the recordings represent
activity within the muscle as a whole (Rau & Disselhort-Klung, 1997).
A motor unit includes a motor axon and all of the muscle fibres it innervates (Figure 1).
The action potential of a motor unit is the result of spatial and temporal summation of action
potentials in all of the fibres comprising a single motor (Basmajian & DeLuca, 1985). The
surface EMG signal, therefore, reflects the summation of action potentials in all motor units
within the pickup area of the surface electrode (Figure 2). Muscle fibres of several different
motor units interdigitate throughout the muscle. Thus, the area under an electrode can include
fibres from as many as 20 to 50 motor units and an electrode will always pick up signals from
more than one motor unit (Basmajian & DeLuca, 1985). As the general activity level within the
muscle increases, so too will the number of summated motor unit action potentials detected by
the recording electrode (Kamen & Caldwell, 1996). The frequency of the signal detected by the
Cell body
of nturone
Muscl.
fibres
Figure 1. A motor unit is comprised of the motor neuron and all of the muscle fibers it
innervates. Basmajian, J.V., and DeLuca, C.J. (1985). Muscles Alive: Their function revealed
by electromyography (5th ed.). Baltimore, MD: Williams & Wilkins, Figure 1.7, page 12.
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Figure 2. Origin of the EMG signal. Chaffin, D.B., Andersson, G.B.J., and Martin, B. (1999).
Occupational biomechanics (3 rd ed.). New York, NY: Wiley & Sons, Inc., Figure 5.6, page 147.
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electrode corresponds to the number of active motor units, as well as the firing rates within each
active unit- (Kamen.& Caldwell, 1996). The amplitude of an EMG recording i~normally
distributed, ranging from 0 to 10 millivolts (Basmajian & DeLuca, 1996). The detection area of
an EMG surface electrode is always the same, in terms of depth and breadth, irrespective of the
size of the muscle (Kamen & Caldwell, 1996). Therefore, recordings from smaller muscles
include a greater proportion of the fibres within the muscle, compared to recordings from larger
muscles (Kamen & Caldwell, 1996).
There are several factors that can cause variation in the characteristics of the EMG signal
recorded from the surface of the skin, in addition to the physiological processes (Kamen &
Caldwell, 1996). Figure 3 illustrates that surface EMG recordings of electrical activity in the
muscle are dependent upon the following factors: the thickness of adipose tissue between the
muscle fiber and the electrode, the diameter of the muscle fibres and the filtering capacity of the
electrode (Basmajian & DeLuca, 1985). Adipose tissue acts as a low-pass filter (Soderberg,
1992). Therefore, in recordings of muscle activity, a large volume of adipose tissue between the
muscle and the recording electrode will result in a predominance of low frequency signals. High
frequency signals, however, will be filtered out and will be reduced. The filtering capacity of the
electrode affects the signal in a manner similar to adipose tissue. Depending on the electrode,
high or low frequency signals can be filtered out and are therefore minimized.
A motor unit is a motoneuron and all of the muscle fibers it innervates. Small diameter
motoneurons have a lower threshold for activation than motoneurons with a larger diameter. The
recruitment of motor units occurs according to tIle size principle (Henneman, 1957), with smaller
motoneurons being recruited before larger ones. The number of active motor units contributes
to the amount of force the muscle produces and to the amplitude of the EMG signal. The
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frequency at which each motor unit is firing will also contribute to force production and the
amplitude ofthe EMG recording (Lamb et aI., 1992). -The- type of mu-scle fibers that the motor
neuron innervates can also affect the EMG signal. Within the muscle there are two types of
fibers innervated by the motoneurons: slow-twitch oxidative (type I) and fast twitch (type II).
Fast-twitch muscle fibres have a larger diameter than slow-twitch fibers. The activation of these
different fiber types contribute to the EMG signal. The soleus for example, is comprised mainly
of slow-twitch fibers, with each motoneuron activating approximately 1700 muscle fibers
(Bonnet et aI., 1981). The recruitment of small diameter, slow-twitch fibers results in recordings
of lower frequencies, while large diameter, fast- twitch fibers contribute to the higher frequency
component of the recording (Gabriel et aI., 2000). Additionally, fast-twitch fibers produce
greater amplitude action potentials than slow-twitch fibers (Kamen & Caldwell, 1996), resulting
in greater peak-to-peak amplitudes in the EMG recording.
The muscles within the limb are sometimes very close together and work together to
produce a force or movement. This can pose a problem because the signals from adjacent
muscles are picl(ed up by the recording electrodes. This is called cross-talk (Basmajian &
DeLuca, 1985) and can interfere with obtaining a true representation of the activity within the
muscle of interest. Cross-talk is minimized by placement of the electrode on the muscle belly,
and demonstrating that the primary muscle is active while adjacent muscles are silent. It is often
monitored by recording from several muscles simultaneously to ensure only the muscle of
interest is activated. Additionally, with high force contractions there is often movement of the
muscle and/or the wires of the recording electrodes. Movement of either the limb or the wires
will be picked up as an electrical signal by the electrodes (Basmajian & DeLuca, 1985), termed
movement artifact, which will also interfere with obtaining a true recording of muscle activity.
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To avoid this movement artifact, both the electrode wires and the limb of the patient should be
secured. --
Another factor that can affect the accuracy of the EMG signal is the signal-to-noise ratio
(Basmajian & DeLuca, 1985). Noise is generated by any electrical source that operates at 60
cycles per second. To decrease the noise in a recording, thereby increasing the signal-to-noise
ratio, a differential recording configuration is used (Basmajian & DeLuca, 1985). This method
involves the use of two recording electrodes placed on the surface of the skin at a fixed distance
from one another. The electrical signal within the muscle, as well as noise is detected at both
sites. Signals that originate at some distance from the electrodes (i.e. the 60 Hz noise from
electrical devices) will appear as a common signal to the two electrodes and will be cancelled by
differential recording. Any signal that originates in the immediate vicinity of the electrodes (i.e.
action potentials in the muscle fibers), however, will appear at a different time between the two
electrodes. The different signals detected at the two electrodes will be subtracted and amplified
as shown in Figure 4 (Basmajian & DeLuca, 1985).
......... ----1If
1~
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Figure 3. Factors affecting an EMG recording. Soderberg, G. Selected topics in surface
electromyography for use in the occupational setting: Expert perspectives. DHHS (NIOSH),
Publication No. 91-100, Washington DC, NIOSH, 1992.
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Figure 4. Differential recording technique. Winter, D.A. (1990). Biomechanics and lnotor
control ofhuman movement (2nd ed.). New York, NY: Wiley & Sons, Inc., Figure 8.8, page 202.
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2.2 H-Reflex Circuitry
2.2.1- Th-c Monosynaptic Reflex. Hoffmann (191-8) first demonstrated the monosynaptic
H-reflex (taken from Zehr, 2002). The reflex involves three components, as illustrated in Figure
5A: (1) the sensory afferent pathway comprised of spindle receptors innervated by large diameter
Ia sensory fibers, (2) synapses within the ventral hom of the spinal cord, and (3) the efferent
pathway formed by alpha motoneurons that innervate muscle fibres (Preston & Shapiro, 1998;
Bonnet et aI., 1981).
Using a low intensity stimulus applied to a peripheral nerve, it is possible to selectively
activate the Ia sensory fibres of that nerve (Preston & Shapiro, 1998). The synchronous
stimulation of any number of the Ia sensory fibers will result in the depolarization of many or all
of the motoneurons innervating the associated muscle (Bonnet et aI., 1981). If the stimulus
intensity is strong enough to reach the threshold of the Ia fibers, action potentials will be
generated in these fibers. These action potentials travel orthodromically, along the Ia afferent
fibers to the ventral horn of the spinal cord, where they synapse with the a-motoneurons. If the
sensory signal is strong enough, it will depolarize the neurons. The depolarization of these
motoneurons generates action potentials, which also travel orthodromically along the axon of the
motoneuron to the muscle (Preston & Shapiro, 1998).
The recorded response of the muscle to selective stimulation of the Ia fibers is the H-
reflex, depicted in Figure 5A. The recorded H-reflex is triphasic and includes the simultaneous
activity of several motor units (Bonnet et aI., 1981). There is a relationship between the
amplitude of the recorded H-reflex and the number of active motor units (Bonnet et aI., 1981).
17
I. -..oc-y
Dben ,, __ Motor Rben
A
M H
B
M H
c
Figure 5. H-reflex circuitry. Preston, D.C., and Shapiro, B.E., (1998). Electromyography and
neuromuscular disorders: Clinical-electrophysiological correlations. Boston, MA: Butterworth-
Heineman, Figure 4.8, page 52.
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The amplitude of the H-reflex increases and the latency decreases with slowly
increasing-stimulu5-intensity (Preston & Shapiro, 199-8-).- A- further increase in stimulus intensity
will result in the direct stimulation of both the Ia sensory afferents and the motor axons. When
this occurs a direct motor potential (M-wave) is generated by action potentials that travel
orthodromically from the point of stimulation on the motoneuron along the axon to the muscle.
The latency of this response is smaller than that of the H-reflex, as the pathway from the point of
stimulation to the muscle is shorter (Figure 5B).
When the stimulus intensity is high enough to directly stimulate the motoneurons, motor
action potentials not only travel to the muscle, but also travel from the point of stimulation,
antidromically, toward the ventral horn of the spinal cord (Preston & Shapiro, 1998). These
antidromic motor potentials collide with the orthodromic sensory potentials. Collision is a result
of the properties of the membrane channels. Briefly, during an action potential the Na+ channels
on the membrane surface open and there is an influx ofNa+. These channels are then inactivated
and K+ channels are activated. While the K+ channels are active, the membrane is in a refractory
period, meaning that no stimulus will be strong enough to depolarize the membrane. The
membrane of the motoneuron will be in a refractory period as a result of the antidromic motor
potentials. The orthodromic action potentials, resulting from synaptic transmission in the ventral
horn, will be inhibited as they reach these areas of the motoneuron membrane, which cannot be
depolarized. As a result, the sensory signal is impeded from reaching the muscle and,
consequently, a decrease in the amplitude of the H-reflex is observed. The flow of information
at the synapse in the ventral horn is unidirectional, from the sensory fibers to the motor fibers.
Therefore, the collision occurs in the motor fiber, as the antidromic action potentials in the
motoneuron cannot cause depolarization of the Ia sensory fiber.
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The amount of collision is dependent on the strength of the stimulus and is a function of
the diametero-fthe-sensory and motor fibres and of the motor unit recruitment patterns of
electrical and sensory stimulation. Within the motoneuron pool the motor fibres are recruited
according to Henneman's size principle, from smallest to largest (Henneman, 1957). Larger
diameter fibres however, have a lower axial resistance and a higher capacitance. Electrical
stimulation, therefore recruits fibres in the reverse order, from largest to smallest. When the
stimulus intensity is such that both the H-reflex and M-wave are observed, the largest diameter
sensory and largest diameter motor fibres are recruited by the electrical stimulation. However, at
the motoneuron pool, the large-diameter sensory fibres activate the smaller diameter motor
fibres. Therefore, at low to moderate stimulus intensities, different motor fibres are activated by
electrical stimulation and stimulation of the sensory fibres. Thus, the sensory signal is still able
to reach the muscle, even if there is some overlap in the recruited motor fibres.
As stimulus intensity increases more small diameter motor fibres are recruited by the
electrical stimulation, resulting in greater overlap in the motor fibres activated by the sensory and
electrical stimulation. This results in an increase in collision as more motor fibres are in a
refractory period from the antidromic action potentials. This increase in collision results in the
signal from the Ia fibers being completely lost in the motor fibers. The H-reflex then disappears
and the amplitude of the M-wave increases until the maximal response is reached (Figure 5C) at
which time, all motor units are being recruited.
2.2.2 The M-Response. To generate an M-wave, the peripheral nerve must be
electrically stimulated at a sufficient intensity to activate small-diameter motor axons (Pierrot-
Deseilligny & Mazevet, 2000). Although there is some overlap in the diameter of Ia sensory
fibres (12-20Jlm) and a-motoneurons (8-16flm), sensory fibres generally have a larger diameter.
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Because of this larger diameter, Ia sensory fibres have a lower axial resistance, more mylenation
and greater capa-eitance than a-motoneurons (Schalow- & Z-ach, 1994). -All of these
characteristics contribute to the lower threshold of the sensory fibres. It follows then that the M-
wave, activating small diameter motor fibres, is evoked at higher stimulus intensities than those
that evoke the H-reflex which activate large diameter sensory fibres (Pierrot-Deseilligny &
Mazevet,2000). The amplitude of the M-wave gradually increases with increasing stimulus
intensity, until the maximum amplitude of the response is reached. Reaching the maximum
amplitude M-wave indicates that all motor axons innervating the muscle have been recruited
(Herbert & Boucher, 1998).
It is important to measure the maximal M-wave during H-reflex testing (Pierrot-
Deseilligny & Mazevet, 2000; Herbert & Boucher, -1998). The M-wave is the result of direct
stimulation of the alpha motoneurons. It is a stable response that is not affected by other inputs
or by changes at the level of the spinal cord. If the M-wave is stable, any changes observed in
the H-reflex must be neural in origin, rather than due to changes in experimental conditions or
other factors that affect the muscle itself.
2.2.3 The Recording Site. H-reflexes can be reliably recorded from any muscle in the
limbs with an innervating nerve that is accessible for electrical stimulation (Miller et aI., 1995;
Pierrot-Deseillgny & Mazevet, 2000). Limb muscles are very useful because there is enough
distance between these muscles and the spinal cord to allow the M-response and the H-reflex to
appear as two distinct waves (Miller et aI., 1995). While the soleus muscle of the lower leg is the
most widely studied muscle in H-reflex investigations, reliable recordings can be obtained from
other muscles as well. The diameters of the Ia fibers of the soleus, gastrocnemius and the flexor
carpi radialis are larger than the diameter of the motor axons, making it easy to generate an H-
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reflex in these muscles (Pierrot-Deseilligny & Mazevet, 2000). It has also been demonstrated
that the sQleus- and the lateral-and medial gastrocnemius-, are sensitive to changes in
neuromuscular activity (Herbert & Boucher, 1998).
2.2.4 Inhibition. The H-reflex is influenced by any change in the excitability of any of
the components of the monosynaptic reflex. Such changes can include: the activity of gamma
motoneurons controlling the stretch sensitivity of the muscle spindles; the excitability of the Ia
afferent fibers and inhibitory pathways controlling the transmission capacity of the Ia fibers
(Bonnet et aI., 1981).
The Ia afferents are constantly under the influence of presynaptic control. Which alters
their ability to transmit signals (Kernell & Hultborn, 1990; Morita et aI., 1998; Zehr, 2002).
When stimulating the nerve electrically, it is possible to activate inhibitory pathways, which can
decrease the amplitude of the H-reflex response (Earles et aI., 2002). Two disynaptic pathways
exist which may be responsible for this inhibition. These pathways include Ib inhibitory
interneurons and primary afferent depolarization (PAD) interneurons (Pierrot-Deseilligny &
Mazevet, 2000).
Motoneurons activated early during the H-reflex can recruit the Renshaw cells, a
recurrent inhibitory influence. Both Renshaw cells and the Ia afferents converge on Ib inhibitory
interneurons (Marchand-Pauvert et aI., 2002). Electrically evoked EPSPs contributing to the H-
reflex have a long run time. This allows enough time for disynaptic inhibitory post-synaptic
potentials (IPSPs) to de-recruit the motoneurons that contribute late to the H-reflex, thus
decreasing the amplitude of the response (Pierrot-Deseilligny & Mazevet, 2000). Primary
afferent depolarization ofla fibers is accompanied by presynaptic inhibition of the Ia terminals.
This presynaptic inhibition is the result of the activation ofaxo-axonal GABA-ergic synapses.
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The inhibitory signal is communicated to the Ia afferents by PAD interneurons (Pierrot-
Deseillign-y &_Mazevet, 2000). These inhibitory influences can change significantly within an
individual and must be considered when assessing changes in the amplitude of the H-reflex.
Investigation of presynaptic inhibition is accomplished through methodologically altering
the level of inhibitory input in the motoneuron pool. The H-reflex response can be facilitated by
applying a sub-threshold electrical stimulation to the nerve prior to evoking the H-reflex (Zehr,
2002). In the case of the soleus, this can be accomplished by stimulating either the tibial nerve
or the femoral nerve (Hultbom et aI., 1987; Morin et aI., 1984). The afferent volley evoked by
sub-threshold stimulation of either of these nerves will increase the discharge of the Ia afferents
of the tibial nerve, effectively decreasing presynaptic inhibition and resulting in facilitation of the
H-reflex (Zehr, 2002; Morin et aI., 1984).
The more common method of investigating the level of presynaptic inhibition, however,
is to increase the level of inhibition in the motoneuron pool. This is accomplished by applying a
conditioning stimulus to a nerve supplying an antagonistic muscle, just prior to applying a test
stimulus to the nerve supplying the muscle of interest. In the case of the soleus, this is
accomplished by applying a stimulation to the common peroneal nerve, supplying the tibialis
anterior, at an intensity of 1-1.5 times motor threshold followed by stimulation of the tibial nerve
(Zehr, 2002; Aymard et aI., 2000; Morin et aI., 1984). Such inhibition increases with increasing
frequency of the stimulation, but has been observed at frequencies as low at 0.5 Hz (Kohn et aI.,
1997) and appears to have the greatest inhibitory effects when the inter-stimulus interval is
between 150-500 ms (Amyard et aI., 2000; Kagamihara et aI., 1998; Kohn et aI., 1997). It has
been suggested that the difference in the amplitude of the H-reflex with and without imposed
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inhibition reflects the level of inhibition that inherently exists at the motoneuron pool and is
sometimes used-as -an indication of excitability (Zehr, 2002).
While it is acknowledged that such inhibitory inputs may affect the amplitude of the H-
reflex recordings, these inputs were not investigated in the present study. The primary focus of
this investigation was to determine the characteristics of a newly applied (Funase et aI., 1994;
Higashi et aI., 2001) and a newly proposed method of assessing the H-reflex produce similar
results consistently enough to be useful clinically. The reliability of the estimation of inhibition
is a separate issue that should also be investigated.
2.3 Vibration
When investigating a method of assessment, it is beneficial to examine the sensitivity of
the method in order to better determine its characteristics. One way of investigating sensitivity is
to perturb tIle system under investigation and determine how the perturbation affects the
measurement properties. Perturbation of the H-reflex "system" can be accomplished through
facilitation or inhibition of the reflex. Methods of facilitating the H-reflex include having the
subjects perform such activities as the Jendrasic maneuver or activating corticospinal pathways
supplying the recording muscle, through mental imagery (Bonnet et aI., 1997). However, these
methods are difficult, if not impossible to control for, and to ensure consistency between subjects
and consistency within subjects over several trials. Common methods of inhibition of the H-
reflex include a double stimulation protocol (Zehr, 2002; Aymard et aI., 2000; Morin et aI.,
1984), or vibration of the muscle tendon.
Vibration of the Achilles tendon results in what is known as the vibration paradox, or two
opposing reflex responses in the soleus. First, such vibration results in an increase in the level of
muscle activation (Desmedt & Godaux, 1978). This is called the tonic vibration reflex and is
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characterized by a tonic contraction of the muscle. Second, vibration of the Achilles tendon has
been shown- to -produce a large decrease in the amplitude -of the soleus-H-reflex- (Zehr, 2002;
Calvin-Figuiere et aI., 1999; Herbert & Boucher, 1998; Hilgevoord et aI., 1996). The primary
afferent muscle spindle fibres (Ia fibres) are the most sellsitive of any proprioceptive fibres to
vibration and the effect increases with increased frequency of the vibration (Roll, 1989). While
it is known that the vibration selectively activates the primary Ia spindle afferent fibres, the two
independent and seemingly opposing effects of such proprioceptive input is not fully understood
(Desmedt & Godaux, 1978). Vibration of the Acllilles tendon is used as a tool to cause
depression of the H-reflex. Although the exact mecllanism of this d~pression is not understood,
it has been suggested that vibration of the tendon causes an increase in presynaptic inhibition of
the Ia motoneurons supplying tIle agonist muscle (Zehr, 2002, Calvin-Figuiere et aI., 1999).
Despite the lack of a full understanding of the mechanisms by which tendon vibration inhibits
the H-reflex, it is a useful tool for manipulating the physiological properties of the H-reflex to
test the sensitivity of different measures of motoneuron excitability.
2.4 Traditional Methods of Assessing the H-Reflex
The assessment of motoneuron excitability using the H-reflex is typically accomplished
through investigation of the amplitude of the response. These methods include determining the
maximum amplitude of the H-reflex, or the amplitude at a certain percentage of the maximum
amplitude of the M-response (Hugon, 1970). Additionally, measures of the H-reflex are often
standardized by expressing them as a ratio of the M-response. However, it is thought that each
of these characteristics has important limitations in estimating neuromuscular excitability
(Funase et aI., 1994).
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2.4.1 Amplitude of the H-Reflex. It is assumed that the maximum amplitude of the H-
reflex is a-representation of the maximum number of-active motoneurons in the motoneuron
pool, in response to electrical stimulation of the Ia fibers (Funase et aI., 1994). However, the
maximum amplitude of the H-reflex does not occur until after the appearance of the M-wave,
and is reduced by the collision occurring between the orthodromic sensory signal and the
antidromic motor potentiaI.- Maximum H-reflex amplitude is therefore not a true representation
of the maximal activity in the motoneuron pool because there is more activity than reaches and is
recorded from the muscle (Funase et aI., 1994). The same limitation applies to calculating the
amplitude of the H-reflex at a certain percentage of the maximum amplitude of the M-response.
The higher the percentage of the maximum M-response that is used, the greater the collision in
the motoneuron. Such measures ofH-reflex excitability, therefore, are not true representations
of the activity in the motoneuron pool (Funase et aI., 1994).
2.4.2 Ratio Measures. The M-response is a direct motor response. As such, it is not
affected by physiological changes at the level of the spinal cord. The M-response, therefore,
should not change if the test conditions are consistent. Thus, measures of the M-response are
used to standardize measures of the H-reflex. In theory, any variability in the H-reflex due to
experimental conditions will also be present in the M-response. Expressing the measure of the
H-reflex as a ratio of the same measure of the M-response, in effect, cancels out the experimental
error (Funase et aI., 1994). However, while the absence of changes in the maximum amplitude
of the M-response is an ideal condition, changes in this measure have been observed. Crone et al
(1999) have reported decreases in maximum amplitude of the M-responseas large as 35.6% in
healthy subjects. While these decreases are typically observed when the M-response is evoked
several times in one session, such changes may limit the accuracy of these measures.
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2.5 New Methods of Assessing the H-Reflex
Despite_ the. relative simplicity of evoking and recording H-reflexes, a valid interpretation
of the recordings requires proper analysis (Pierrot-Deseilligny & Mazevet, 2000). One method
of analysis involves the H-reflex and M-wave stimulus-response curves (Bonnet et aI., 1981). A
standard stimulus-response curve is illustrated in Figure 6.
2.5.1 Slope of the Regression Line of the H-Reflex Stimulus-Response Curve. Funase
et aI. (1994) have proposed that the slope of the H-reflex stimulus-response curve is a measure of
neuromuscular excitability with few limitations. The slope is used to represent "reflex gain", or
the ratio of the number of motoneurons recruited (amplitude) to the intensity of the stimulus. It
is important to emphasize that the stimulus intensity must be below the motor threshold to
eliminate the possibility of collision in reducing H-reflex amplitude (Funase et aI., 1994). The
slope of the H-reflex S-R curve has a high positive correlation (r=.823) with the maximum H-
reflex amplitude, and a high negative correlation (r=-.714) with the H-reflex threshold (Funase et
aI., 1994). Therefore, changes in amplitude and threshold are accompanied by changes in the
slope of the S-R curve. This provides further support for the idea that the slope of the H-reflex
S-R curve is indicative of changes in reflex arc excitability.
The appearance of the stimulus-response curves for the H-reflex and the M-wave can
vary widely between individuals (Funase et aI., 1994). However, stimulus-response curves
derived over several sessions with the same individual are quite similar (Fuanse et aI., 1994).
Although the amplitude of the H-reflex has proven to be a reliable measure (Williams et aI.,
1992), it is not known if such reliability extends to the slope of the H-reflex stimulus-response
curve.
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2.5.2 First Derivative of the Stimulus-Response Curve. One limitation of the slope of
the H-reflex-&timulus-response curve lies in how it is-determined. Funase et al.~(1994) used a
linear regression analysis to fit a straight line to the ascending limb of the stimulus-response
curve. However, the ascendi11g limb of the curve is sigmoidal in shape and is therefore poorly
approximated by a linear fit, which calls into question the validity of this measure. Si11ce the
slope is a measure of the rate of change, this study explores the first derivative of the H-reflex
recruitment curve as a potential alternative. It has been demonstrated that neurophysiological
properties of motor unit recruitment patterns can be accurately and reliably represented by
mathematical analysis of the frequency distributions (Yaar, 1999). Curve fitting techniques,
therefore can be applied to H-reflex data to generate a normative S-R curve which reflects
muscle activity. The peak of the first derivative can then be calculat~d, providing a true
representation of the rate of change in excitability. The first derivative of the H-reflex
recruitment curve offers the advantages of utilizing all the points on the curve and accounting for
the original sigmoid shape. Thus this method appears to more accurately reflect the biophysical
properties of the membrane excitability under consideration.
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Figure 6. Sample stimulus-response curve of the H-reflex and the M-response.
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2.6 Reliability
2.~.1 Inter~,and Intra- individual Differences in the H-reflex. Funase et ai. (1994)
suggest that the H-reflex is unique to individuals and should therefore be consistent within
individuals if testing conditions are constant. For this reason, the H-reflex is a widely used tool
for investigating the excitability of the reflex arc, both in clinical and research settings.
However, the literature documenting the reliability of the H-reflex is scant. The majority ofH-
reflex reliability data that exist, focus on the reliability of the maximum peak-to-peak amplitude
of the response. In general, these investigations report that the H-reflex is a very robust measure
of excitability. It has been shown that H-reflex recordings from the soleus are very reliable
within a subject across trials, with Pearson r-values greater than 0.95 (Handcock et aI., 200 1;
Williams et aI., 1992). It has also been demonstrated that the H-reflex evoked within an
individual becomes more consistent with repeated trials (Williams et aI., 1992). Furthermore,
the maximum peak-to-peak amplitude within individuals across test days has also been found to
be reliable with ICC(3,1) values as high as 0.99 reported for the triceps surae (Handcock et aI.,
2001; Morelli et aI., 1990). While intra-individual differences are small, inter-individual
variability is quite high for both the H-reflex and the M-response (Williams et aI., 1992). The
primary cause of this inter-individual variation is differences in excitability of the reflex arc
between individuals (Bonnet et aI., 1981).
2.6.2 Overview of Calculating Reliability. To be usefully clinically, a measurement
tool must be valid and reliable (Walmsley & Amell, 1996). A reliable measure ensures that any
changes observed are due to the experimental treatment and not error variability, attributable to
multiple trials or multiple days (Carson & Kroll, 1970). Error associated with a measurement
tool can significantly affect analysis and interpretation of results obtained using this tool. The
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assessment of this error is therefore crucial and can be accomplished by calculating an index of
reliability-(Shrout-& Fleiss, 1-979). Reliability is the consistency or repeatability of a
measurement and is expressed as a ratio of the variance in true scores/variance in obtained
scores. The variance in obtained scores can be partitioned into a true component and an error
component (Portney & Watkins, 1993; Carlson & Kroll, 1970). Thus, reliability is equal to:
')
a
T
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Where crT2 is the estimate of variance in true scores, and crE2 is the error variance estimate.
This conceptualization is theoretical, as the true and error components of a data set can
never truly be known. However, in essence, if the true variance in a measure is large, the error
term will account for a smaller portion of the total observed variance. Thus, a measure is
considered reliable if a greater proportion of the total variance is accounted for by the true score
(Portney & Watkins, 1993). There are several formulas for calculating a reliability index
(Carlson & Kroll, 1970). The primary difference between these formulas is the method of
partitioning total variance into true and error components (Feldt & McKee, 1958).
2.6.3 Calculation Using Direct Correlations. Equations providing a correlation
coefficient are traditionally used as an indication of reliability (Walmsley & Amell, 1996). Such
methods include the calculation of the Pearson product-moment coefficient, or the Spearman
rank coefficient. These methods involve calculating the correlation between a measurement on
one day and the same measurement on another day. These methods assume that factors such as
fatigue, mental state and motivation are constant within an individual on one day, but are
variable from day to day (Feldt & McKee, 1958). Each of these factors is assigned to the error
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term, limiting the correlation to the extent that these factors follow this trend (Feldt & McKee,
1958). Cempo-nents of variation, therefore, are not efficiently partitioned into true and error
(Portney & Watkins, 1993). The values obtained through this type of analysis reflect a
covariance as they compare deviations from the means of two measurements (Portney &
Watkins, 1993). These methods are therefore limited by the fact that they are sensitive to the
range of values obtained with the measure, but are insensitive to systematic differences in the
means (Walmsley & Amell, 1996). In other words, if subjects who score high on day 1 also
score high on day 2, and subjects who score low on day 1 also score low on day 2, a strong
product-moment correlation will exist between the_ measurements on day 1 and day 2. However,
the magnitude of change in the scores from day 1 to day 2 is not considered. It is therefore
possible to demonstrate a high correlation even if the repeatability of the scores is low (Portney
& Watkins, 1993). Further analysis using a t-test would need to be done to determine if the
scores from one trial to the next are significantly different. Additionally, this method is limited
to comparing one factor over two trials and is therefore not the most effective method of
calculating reliability. The methods of calculating reliability described above do not efficiently
partition components of variation into true and error (Portney & Watkins, 1993). They also limit
analysis to two data sets at one time. These methods, therefore, do not represent the most
effective methods of assessing reliability.
2.6.4 Benefits of the Intraclass Correlation Coefficient. The Intraclass Correlation
Coefficient (ICC) provides a more comprehensive method of assessing reliability. The ICC is
the reliability of two or more measurements on the same target (Shrout & Fleiss, 1979). It is not
restricted by having the same number of raters or restricted to interval or ratio data, as are other
reliability measures (Walmsley & Amell, 1996). This is important in clinical and research
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settings, where the mean of several trials across several days are often used to assess excitability.
Reliability a~,measured by the ICC(2,k) uses mean scores,- which are better estimates of the true
scores (Portney & Watkins, 1993). It is calculated using the mean square variances obtained
from an analysis of variance (Gabriel, 2000; Shrout & Fleiss, 1979; Carlson & Kroll, 1970). In
this calculation true score variance is associated with the variance between subjects. As subjects
become more consistent at reproducing their own scores, the variance between subjects
increases. That is, the differences in variance between subjects become more pronounced,
increasing the true score variance and therefore the reliability. The ICC is therefore sensitive to
both the order and the magnitude of differences in means (Walmsley & Amell, 1996). It also
offers the advantage of partitioning error variance into many components, depending· on the
experimental design and takes into consideration aspects other than random error, which
contribute to variance (Portney & Watkins, 1993). Thus, the general form of the ICC formula is
as follows:
Where ST2 is the estimate of variance in true scores, SE2 is the estimate of error variance, and SF2
is the estimate of variance in aspects of interest to the measure. This is similar to the general
equation for reliability, except the estimate of the true score variance in the denominator of this
equation is separated into different facets in the SF2 term. Typically the error variance in the ICC
is the variability that is associated witl1 multiple trials performed over multiple days (Gabriel,
2000).
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2.6.5 Calculation and Interpretation of the Intraclass Correlation Coefficient. While
the above-equation represents the general form of the- ICC, -six different equations for calculating
the ICC exist (Portney & Watkins, 1993). Each of these equations falls into one of three models,
and is specific to the experimental design (Walmsley & Amell, 1996; Shrout & Fleiss, 1979).
The ICC model that is used is determined by the purpose of the investigation. Modell is used
when each subject is rated by a randomly assigned set of raters from a larger sample of raters.
This model is used for generalizability of a particular sample and is rarely used in clinical
reliability studies (Portney & Watkins, 1993). Model 2 is used when each subject is rated by the
same, randomly assigned raters. This model allows the investigator to make generalizations
about the results to a larger population (Portney & Watkins, 1993). Model 3 is applied when the
reliability of particular raters is the primary interest of the investigation. In this model raters are
not randomly assigned and the results are fixed to that particular sample of raters. This method
is often used to assess inter-rater reliability (Portney & Watkins, 1993).
In addition to selecting the appropriate model, the appropriate equation must also be
selected. Similar to the models, each of the six equations is specific to experimental design and
can be interpreted differently (Walmsley & Amell, 1996; Shrout & Fleiss, 1979). Each form of
the equation is denoted by two numbers as follows: ICC (a, k). The first number represents the
ANOVA model employed and the second number represents either a single measure (1), or the
mean of (k) measurements (Walmsley & Amell, 1996). In choosing the appropriate form of the
equation, the following three guidelines are used: (1) is a one-way or two-way ANOVA
employed, (2) are differences between individuals relevant to the reliability, and (3) are the
ratings single ratings or mean ratings (Shrout & Fleiss, 1979).
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The values obtained using the ICC range from 0 to 1.00 (Portney & Watki11s~ 1993), with
values closer to -1.DO indicating that the total observed variance is accounted for by true variance
(Walmsley & Amell, 1996). Although no concrete guidelines exist to indicate what is acceptable
as reliable (Walmsley & Amell, 1996), in general, anything above R=O.70 is considered reliable
and anything below R=0.70 is considered to have moderate to low reliability (Shrout & Fleiss,
1979). The ICC considers several sources of variance. As such, it is a more stringent test of
reliability than the other methods discussed.
2.7 Mood
Mood is simply defined as how an individual feels at a given moment in time. It has
been suggested that mood has two bipolar dimensions, positive and negative affect (Watson &
Tellegen, 1985). Expanding on this original idea, it is suggested that mood is anchored by these
positive and negative poles, but that mood is a reflection of the intensity and frequency of these
dimensions, making it a multidimensional construct, rather than bipolar (Diener et aI., 1985).
Mood is constantly under the influence of environmental stimuli and can fluctuate over time
(Silva & Weinberg, 1982). It is suggested, however, that certain inherent characteristics
influence personal affect, making individual mood responses to a particular stimulus unique
(McFatter, 1994). In exercise science, the effect of exercise on mood is a widely studied area
(for a review, see Yeung, 1996). However, the inverse relationship, the effects of one's mood on
performance of an exercise bout has not received the same degree of attention.
Mood can change readily, and increased psychological arousal is thought to increase
physiological output (Wilken et aI., 2000). Although the exact mechanisms are not clearly
defined, it is suggested that these fluctuations are caused by, among other contributions, changes
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in neurotransmitter release and small changes in cardiac output (Berger et aI., 1993).
Furthermore,-i)hang,es in mood may activate brain regions with corticospinal connections. For
example, research on mental imagery has shown that merely thinking about movement can alter
spinal excitability (Hashimoto & Rothwell, 1999; Bonnet et aI., 1997; Gandevia et aI., 1997).
Although it has not yet been investigated, it is possible that mood can affect H-reflex excitability
through similar corticospinal action.
2.7.1 Subjective Exercise Experience Scale (SEES). A stimulus such as an exercise
bout, or a session of H-reflex testing will produce a subjective response within participants. In
order to understand the emotional responses and their relation to the stimuli, the subjective
responses must be measured. Traditionally, the most widely used instruments are the Profile of
Mood States (POMS) (McNair et aI., 1981) and the State-Trait Anxiety Inventory (STAI)
(Spielberger et aI., 1970, as cited in Yeung, 1996). However, these instruments are based on a
two-dimensional assessment of state, positive and negative, rather than on a multidimensional
assessment. These instruments, therefore, tend to focus on negative affect and skew the
responses toward negative states (McAuley & Courneya, 1994). To capture the
multidimensional subjective responses to an exercise bout, McAuley and Courneya (1994)
developed the Subjective Exercise Experience Scale (SEES). This is a short 12-item self-report
questionnaire with subjects responding to questions on a 7-point Likert scale ranging from "not
at all" (1) to "very much so" (7). It addresses three subscales of personal affect, Psychological
Well-Being (PWB), Fatigue, and Psychological Distress (PD).
In creating this measure, McAuley and Courneya (1994) drew items that reflected
subjective feelings associated with exercise from several widely used measures of mood. These
several hundred items were then narrowed to 46 items that a group of experts believed would be
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positively or negatively affected by exercise. This list was then further reduced to 12 items after
administef-ing-the test to undergraduate students and performing an exploratory ~factor analysis.
They continued by demonstrating convergent and discriminant validity for the measure and
showed that the three subscales, PWB, Fatigue, and PD had high reliabilities of a=.86, a =.88
and a =.85, respectively. The SEES, therefore, is a valid, reliable measure of responses to
exercise stimuli and its subscales support a multidimensional response anchored by positive and
negative poles (McAuley & Courneya, 1994).
2.7 Summary
The monosynaptic reflex is a useful and effective method of investigating spinal
pathways and excitability of the reflex arc. For this reason, it is important to develop a reliable,
non-invasive technique of using the H-reflex to assess neuromuscular excitability. The
traditional methods of using the H-reflex to assess neuromuscular excitability, the maximum
amplitude of the H-reflex response, and the amplitude of the response at certain percentages of
the maximum amplitude of the M-wave, are limited in accuracy by the collision effect. Funase
et aI., (1994) have proposed that calculating the slope of the H-reflex stimulus-response curve
provides a measure of reflex arc excitability that attempts to avoid this limitation. However, this
method is not without its own limitations and it is proposed in this thesis that calculating the
peak of the first derivative of the stimulus-response curve may be an even better measure of
excitability. Literature supporting the reliability of the traditional methods is scant, while
literature supporting the reliability of the two newer methods is non-existent. It is therefore
important to investigate the reliability of these measures to gain a better understanding of their
measurement properties. To fully understand the measurement properties it is important to
investigate intrinsic factors, which may affect these measurements. The idea of mood affecting
recordings of the H-reflex is novel and important. A determination of the reliability of these
measures a-nd~an--"understandingof factors affecting the-measures will help to develop a method
of measuring excitability of the H-reflex arc, which can be applied with confidence clinically.
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Chapter 3: Materials and Methods
3.1 Partic.ip,ants - -,
Twenty-four participants (12 males and 12 females) free of neurological disorders were
studied without remuneration for their time. All procedures used in this investigation have been
reviewed and approved by the Brock University Human Ethics Board. All participants were
given an orientation to the laboratory and equipment to be used and signed an informed consent
document before testing began.
3.2 Measurement schedule and procedures
Each subject completed five days of testing with 24 to 72 hours between each session.
The first three test sessions were used to establish baseline. The sensitivity of the measures
under consideration were evaluated on the fourth test day when a 60 Hz, 1-mm displacement
vibration (GIMRI, General Electric, Sta~ford, CT) was applied to the Achilles tendon. The fifth
test day was then used to re-establish baseline. All testing was done on the right leg with
subjects resting prone on a gurney with both feet hanging slightly off the end. During the first
session the age, height, weight, and leg length were recorded. The length of the leg was
measured from the stimulation site to the most proximal area of the medial malleolus (Braddom
& Johnson, 1974). A skin fold measurement was also taken at the recording site, over the soleus.
Diagrams of the experimental set-up are shown in Figures 7 and 8. Prior to electrode
placement, the skin on the lower leg was shaved, lightly abraded with NuPrep® and cleaned with
alcoll01 to reduce signal impedance. A bipolar recording electrode (DE-2.1, DelSys Inc., Boston,
MA) with an inter-electrode distance of 1 cm was placed over the belly of the soleus, one third of
the distance from the gastrocnemius musculotendinous junction to the Achilles tendon (Delagi &
Perotto, 1980). Electrical resistance between the two electrodes was maintained below 10 kQ.
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A self-adhesive ground electrode was secured over the medial femoral condyle. The recording
electrode ~ontains-a'pre-amplifierwith a common-mode- rej-ection -ratio-of >80 dB, which
amplifies the signal with a fixed gain of 10. The bioamplifier (Bagnoli 4, DelSys Inc., Boston,
MA) increased the signal another 1000-times before it was band-passed filtered between 20 and
450 Hz, sent to a 16 bit AID converter (DI410, DATAQ Instruments, Akron, OH), and sampled
at 3 kHz on a Pentium III PC (Seanix Technology Inc., Blaine, WA). The Computer-Based
Oscillograph and Data Acquisition System (CODAS, DATAQ Instruments Inc., Akron, OH) was
used to collect and store the signal on hard-disk for further analysis.
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Figure 7. Experimental set-up of equipment.
41
Figure 8. Experimental set-up of subjects.
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The H-reflex was evoked with a self-adhesive cathode (Pals Plus, 3.0 cm, Axelgaard,
Fallbrook,- CA-} secured to the skin surface, just above the mid-popliteal crease,~over the tibial
nerve. A self-adhesive anode (Pals Plus, 5.0 cm, Axelgaard, Fallbrooke, CA) was secured just
above the patella. The stimulating electrodes were connected in series with a stimulator (Grass
Telefactor 888, Astro-Med, Inc., West Warwick, RI) to deliver a square-wave pulse, 1 ms in
duration (Pierrot-Deseilligny & Mazevet, 2000), and then with an isolation unit (Grass Telefactor
SIU8, Astro-Med, Inc., West Warwick, RI). At the end of each session the placement of all
electrodes was marked with indelible ink, and participants were asked to maintain these marks
throughout the duration of the study to ensure consistent electrode placement.
3.3 Stimulation Protocol
Participants were asked to lay comfortably with the head tilted to the right, eyes closed
and to remain still throughout the duration of the test session. With the subjects in this position,
the tibial nerve was stimulated at low intensities to determine the threshold for the H-reflex. For
recordings, the stimulation intensity began below threshold and was gradually increased in 4 V
increments until the maximal M response was reached. Then, additional stimulation steps were
included to ensure that the maximum M-wave had been achieved and was stable. Five stimuli
were delivered at each intensity, with 15 seconds between each stimulus (Williams et aI., 1992).
This protocol was followed for each of the five days of testing. On test session four, a 60 Hz
vibration was applied to the Achilles tendon for the two-second interval immediately preceding
tibial nerve stimulation.
3.4 Data Reduction
The mean peak-to-peak amplitude of five trials at each stimulus intensity was calculated
(Williams et aI., 1992) to construct stimulus-response curves for both the H-reflex and M-wave
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for each of the five days of testing. Figures 9-13 show the mean H- and M-responses from a
represel1tati-ve-ec subject during the sub-threshold to supra~maximal stim.ulation protocol on each of
the five test sessions. It is interesting to note at this point the profound inhibition following
vibration on test day 4 (see Figure 12).
The peak-to-peak amplitude of the H-reflex at a stimulus intensity corresponding to 5%
of the maximum amplitude of the M-wave (Mmax) was calculated. First, the stimulus intensity
required to generate an M-response that was 5% of the maximum was determined. The
amplitude of the H-reflex at that stimulus intensity was then obtained (Hwang, 2002). The
method of calculating the slope of the regression line of the stimulus-response curves, advocated
by Funase, was reproduced in the following way. The starting point for the regression line was
at 5% of the maximum H-reflex amplitude. The end point of the regression line was at the H-
reflex amplitude associated with an M-response that was at 10% of the maximum M-wave. This
was done to avoid the initial foot of the curve and to avoid any significant collision effects. The
slope of the H-reflex stimulus-response curve (Hslope) was then calculated from the least squares
fit to these data points. Similarly, a least squares regression line was also fit to the data points of
the M-wave stimulus-response curve from 10 to 80% of Mmax and the slope of that line was
calculated (Mslope). These methods are shown in Figures 13 and 14. Notice that the regression
line on the H-reflex curve ends at the same amplitude where the regression line on the M-wave
curve begins (10% Mmax). Both H-reflex and M-wave stimulus-response curves were resampled
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Figure 9. Mean responses of one subject at all stimulus intensities on test day 1. The first waveform,
in time, is the stimulus artifact, the second is the M-wave and the third is the H-reflex. The x-axis is
time (ms), the y-axis is the amplitude of the response (mV) and the z-axis is the stimulation step, where
each step represents an increase in stimulus intensity by 4V.
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H-Reflex and M-Wave Progession: Session 2
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Figure 10. Mean responses of one subject at all stimulus intensities on test day 2. The first wavefor
in time, is the stimulus artifact, the second is the M-wave and the third is the H-reflex. The x-axis is
time (ms), the y-axis is the amplitude of the response (mV) and the z-axis is the stimulation step, wh
each step represents an increase in stimulus intensity by 4V.,
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H-Reflex and M-Wave Progession: Session 3
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Figure 11. Mean responses of one subject at all stimulus intensities on test day 3. The first wavefor
in time, is the stimulus artifact, the second is the M-wave and the third is the H-reflex. The x-axis is
time (ms), the y-axis is the amplitude of the response (mV) and the z-axis is the stimulation step, wh
each step represents an increase in stimulus intensity by 4V.
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H-Reflex and M-Wave Progession: Session 4
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Figure 12. Mean responses of one subject at all stimulus intensities on test day 4. The first wavefor
in time, is the stimulus artifact, the second is the M-wave and the third is the H-reflex. The x-axis is
time (ms), the y-axis is the amplitude of the response (mV) and the z-axis is the stimulation step, wh
each step represents an increase in stimulus intensity by 4V.
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H-Reflex and M-Wave Progession: Session 5
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Figure 13. Mean responses of one subject at all stimulus intensities on test day 5. The first wavefor
in time, is the stimulus artifact, the second is the M-wave and the third is the H-reflex. The x-axis is
time (ms), the y-axis is the amplitude of the response (mV) and the z-axis is the stimulation step, wh
each step represents an increase in stimulus intensity by 4V.
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up to 100 points using a quadratic interpolating polynomial (Gabriel et aI., 2002). They were
then numeric-ally-differentiated using the finite differences technique- to obtain the first
derivative. Using this technique the peak of the first derivative of the H-reflex stimulus-response
curve (dH/dVmax) and the peak of the first derivative ?fthe M-wave stimulus-response curve
(dM/dVmax) were determined. The peak of the first derivatives of these curves can be observed
in Figures 14 and 15.
3.5 Mood
The mood of20 of the participants (9 males and 11 females) was assessed each day, prior
to the stimulation protocol, using the Subjective Exercise Experience Scale (SEES), established
by McAuley and Courneya (1994). This is a 12-item, self-report questionnaire aimed at
assessing three sub-scales of mood: Psychological well-being (PWB), Fatigue and Psychological
Distress (PD). Subjects were asked to respond to the 12 questions on a 7-point Likert scale
ranging from "not at all" (1) to "very much so" (7).
3.6 Statistical Analysis
To assess the reliability of the different measures of excitability of the H-reflex arc, the
following procedures were used. A one-way repeated measures analysis of variance CANOVA)
was used to test for significant differences in the criterion measures across test days. Tukey's
post-hoc test was then used to further evaluate any significant F-ratios (Kirk, 1968). Reliability
of the criterion measures was assessed using the intraclass correlation coefficient (ICC). Since
each measure represents the mean of five trials, Shrout and Fleiss (1979) suggest the ICC should
be calculated according to ICC model (2,k), using the following equation:
BMS-RMS
ICC(2,k) = (RMS-EMS)'
BMS+-----
n
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where n is the number of subjects, BMS is the between subjects mean squares, RMS is the
residual- mean sq,uare, and EMS is the error mean square-obtain from the analysis of variance
(ANOYA) table (Portney & Watkins, 2000). Haggard (1958) showed that differences between
ICCs could be evaluated by means of the relation between ICC and Fisher's z-statistic:
z=~lo l+(k-l)ICC
2 ge 1- ICC '
where k is the number of test sessions. The z-statistic allows for the construction of a 95%
confidence interval for the observed ICC to determine if significant differences exist at the 0.05
probability level.
To assess the differences between the three H-reflex measures in the sensitivity to
vibration on test day 4, the percent change in magnitude between test days 3 and 4 was
determined for each participant using the following formula: [(Day3 - Day4) I Day 3] x 100.
These data were then subjected to a one-way repeated measures analysis of variance (ANOYA).
Further analysis was done to investigate the possibility of mood as a covariate in
assessments ofH-reflex excitability. For this purpose, a repeated measures ANOYA with
orthogonal polynomials was used for statistical trend analysis of the three subscales of the SEES
questionnaire: Psychological Well-being (PWB), Fatigue (F), and Psychological Distress (PD),
and each of the measures of the H-reflex: Hs%, Hslope and dH/dY, across test days. A linear
regression analysis was also performed on these data to investigate the possibility of a correlation
between the H-reflex measures and any of the subscales of the SEES that showed a significant
trend.
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Figure 14. Representative stimulus-response curves from one subject for the H-reflex without
vibration. The stimulus-response curve is the thin line, corresponding to the left y-axis. The
thick line, corresponding to the right y-axis, shows the first derivative of the curve. The
additional straight line shows the regression line of the curve. The x-axis is the stimulation step,
where each step represents an increase in stimulus intensity by 4V, the left y-axis is the
amplitude of the response (mV) and the right y-axis is the units of the first derivative of the
curve (mV/step).
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M-Wave Stimulus-Response Curve Measures
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Figure 15. Representative stimulus-response curves from one subject for the M-wave. The
stimulus-response curve is the thin line, corresponding to the left y-axis. The thick line,
corresponding to the right y-axis, shows the first derivative of the curve. The additional straight
line shows the regression line of the curve. The x-axis is the stimulation step, where each step
represents an increase in stimulus intensity by 4V, the left y-axis is the amplitude of the
response (mV) and the right y-axis is the units of the first derivative of the curve (mV/step).
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Figure 16. Representative stimulus-response curves from one subject for the H-reflex with
vibration. The stimulus-response curve is the thin line, corresponding to the left y-axis. The
thick line, corresponding to the right y-axis, shows the first derivative of the curve. The
additional straight line shows the regression line of the curve. The x-axis is the stimulation
step, where each step represents an increase in stimulus intensity by 4V, the left y-axis is the
amplitude of the response (mV) and the right y-axis is the units of the first derivative of the
curve (mV/step).
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Chapter 4: Results
4.1 Subject Characteristics
Twenty-four participants (12 males and 12 females) completed the five days of testing.
Descriptive statistics of relevant physical characteristics are presented in Table 1.
Table 1 -.Means (M) and standard deviations (SD) for the physical characteristics of the
participants.
Physical characteristics
Age (years)
Height (cm)
Weight (kg)
Body Mass Index (kg'm-2)
Skin fold (mm)
Leg length (em)
M±SD
24.I7±4.03
I73.7±8.85
72.60±I7.09
25.I8±3.54
IO.16±4.75
4I.91±3.01
4.2 M-wave measures
Tables 2 and 3 show sample ANOVA tables for Mmax, outlining the model used for all
measures of the H-reflex and M-wave for between groups (male and female) and within subjects
comparisons, respectively. Preliminary analysis revealed a significant difference between males
and females (P<0.05) for the maximum amplitude of the M-wave, but not for Mslope or dM/dV
(P's>0.05). The magnitude of the SEMG signal is partly dependent on the size of the muscle. It
is therefore not surprising the maximum M-wave amplitude was greater for males than for
females (Kent-Braun et aI., 2002; Ditor & Hicks, 2000). However, these differences were
strictly in magnitude. The means for both groups followed the same pattern across days as
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reinforced by the non-significant (P's>0.05) day-by-group interaction term. Consequently, the
data frorn males- and females were collapsed for further-analysis.
Table 2 - ANOVA model used for all measures of the H-reflex and M-wave for between
group (male and female) comparisons, showing data from Mmax.
Source
Group
Error
SS
58.050
208.308
DF
1
22
MS
58.050
9.469
F
6.131
p
0.021
Table 3 - ANOVA model used for all measures of the H-reflex and M-wave for within
subjects comparisons, showing data from Mmax.
Source
Day
Day * Group
Error
SS
3.603
0.878
24.123
DF
4
4
88
MS
0.901
0.219
0.274
F
3.286
0.800
p
0.015
0.528
Table 4 presents the means and standard deviations for the measures under
consideration. The maximum M-wave amplitude remained virtually unchanged across the five
test sessions (P 's>0.05) attesting to careful methodological controls. The slope of the M-wave
stimulus-response curve exhibited similar stability. The means of the peak of the first derivative
of the M-wave stimulus response-curve had slightly more variability but still remained
unchanged across the five test sessions, with no significant differences in means across days
(P's>0.05).
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Table 4 shows the intraclass correlation coefficients (ICC) for M-wave measures. As
might b-e expect-ed, the ICC-for Mmax was excellent-at 0:96. The ICC for the slope of the M-wave
stimulus-respol1se curve was equally high (0.95). The peak of the first derivative of the M-wave
stimulus-response curve had an ICC that was slightly lower though still very good (0.83). The
95% confidence intervals did not reveal any significant differences in the reliability of the
measures of the M-wave.
4.3 H-reflex measures
There were no significant gender differences in any measure of the H-reflex and no group
by day interaction effects were observed (P's>0.05). The data from males and females were
therefore collapsed for further analysis. The means and standard deviations for the H-reflex
measures are presented in Table 5.
Significant F-ratios were observed for all H-reflex measures (P's<O.Ol). The Tukey's
post-hoc analysis indicated a slight but non-significant (P's>0.05) decrease in all H-reflex
measures from test day one to test day three. The means on test day four however were
significantly lower than the means on all other test days (P's<O.Ol) and returned to baseline on
day 5. Otherwise, the means for the H-reflex measures were shown to be stable.
The intraclass correlation coefficients (ICC) for all H-reflex measures are presented in
Table 5. Because the vibration was an intentional manipulation of the system, the means from
day 4 will inherently lower the reliability of each of the measures. For this reason the intraclass
correlation coefficient (ICC) of all measures was calculated with the means from day 4 excluded.
The maximum amplitude of the H-reflex had an ICC of 0.79, while the H-reflex amplitude at a
stimulus intensity corresponding to 5% of Mmax had an ICC of 0.85. The slope of the H-reflex
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stimulus-response curve had an ICC of 0.79. The peak of the first derivative of the H-reflex
stimulus-response curve had a higher reliability than the -other H-reflex measures with an ICC of
0.89. The 95% confidence intervals (see Table 5), however, did not reveal any significant
differences between the ICCs.
Table 4 - Means (M) and standard deviations (SD) for the maximum amplitude of the M-wave (Mmax); the slope of the M-wave
SR curve (Mslope); and the peak of the first derivative of the M-wave SR curve (dM/dV). The ICC and its 950/0 confidence interval
(CI) of estimation were calculated for each measure for test days 1,2,3, and 5.
Day
1 2 3 4 5
Measures M::tSD M::tSD M::tSD M::tSD M::tSD ICC(2,k) 95% C.I.
Mtnax (nlV) 5.8±1.5 5.7±1.5 5.3±1.5 5.6±1.6 5.5±1.8 0.96 C(0.96 s ICC s 0.98)
Mslope (units) 0.8±0.5 0.7±0.4 0.7±0.4 0.8±0.5 0.8±0.6 0.95 C(0.88 s ICC s 0.97)
dM/dV (mV/V) I 9.4±4.3 8.4±4.1 7.3±2.8 7.4±3.3 8.4±4.8 I 0.83 C(0.65 s ICC S 0.92)
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Table 5 - Means (M) and standard deviations (SD) for the H-reflex amplitude at a stimulus intensity corresponding to 5% of
maximum M-wave (Hs%); the slope of the H-reflex stimulus-response (SR) curve (Hslope); and the peak of the first derivative of the H-
reflex SR curve (dH/dV). The ICC and its 95% confidence interval (CI) of estimation were calculated for each measure for test days
1,2,3, a11d 5.
Day
2 3 4 5
Measures M:fSD M:fSD M:tSD M:fSD M:fSD ICC(2,k) 95% C.I.
Hs%(mV) 2.9±O.9 2.6±1.1 2.5±1.0 O.8±0.7 2.6±1.4 0.84 C(0.68 S ICC s 0.93)
Hslope (units) 1.1±0.5 0.9±0.4 0.9±0.5 0.2±0.2 0.8±0.5 0.79 C(0.59 S ICC S 0.90)
dH/dV (mV/V) I 11.2±6.0 10.0±4.0 9.0±4.3 3.3±3.7 7.2±6.3 I 0.89· C(0.76 S ICC S 0.95) ,
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4.4 Vibration
All measures of the H-reflex decreased on day 4 when vibration was applied to the
Achilles tendon, indicating similar sensitivities to this perturbation. The largest decrease was
observed in the H-reflex amplitude at a stimulus intensity associated with 5% of Mmax. However,
there was no significant difference (P>0.05) between the four H-reflex measures in the percent
change between test days 3 and 4. The group responses (mean ± standard deviation) are
presented in Table 6. The magnitude of the decrease in the H-refle.x stimulus-response curve for
a representative subject is illustrated in Figures 13 and 15.
Table 6 - Means (M) and standard deviations (SD) percent decrease from Day 3 to Day 4 in each
of the H-reflex measures.
Measure
Hmax
Hs%
Hslope
dH/dV
4.5 Mood
% Decrease M±SD
64±23
70±24
69±43
59±34
All three measures of the H-reflex yielded similar results in the trend and regression
analysis. Therefore, only the data from the best-established measure, HsoiO, are reported. Mean
scores for Hs% and the three subscales of the SEES are presented in Table 7. There was a
significant cubic trend for Hs% (P<O.OI). H-reflex amplitude decreased from 3.0 ± 0.9 mV on
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session one to 2.5 ±1.0 mV on session three. A profound reduction was observed on session four
(0.8 ± 0.-7'mY) when vibration was applied to the Achilles tendon. H-reflex amplitude then
returned to baseline on session five (2.6 ± 1.4 mV). The SEES sub-scales for psychological
well-being and fatigue remained unchanged throughout the five testing days. There was
however a significant cubic trend for psychological distress (P<0.05). Psychological distress
increased from 1.55 ± 0.65 on session one to 1.84 ± 0.95 on session three. Session four showed
a return to baseline (1.56 ± 0.67), and t,hen another marked increase on session five (2.1 ± 1.3).
Regression analysis revealed a correlation between Hs% and psychological distress of r==0.394
was not significant (P>0.05).
Table 7 - Mean scores of Hs%, Psychological well-being (PWB), Fatigue and Psychological
Distress (PD) on the five test days.
Mean Score
Measure Day 1 Day 2 Day 3 Day4 Day 5
Hs% 2.96 2.66 2.46 0.79 2.60
PWB 5.59 5.62 5.22 5.45 5.10
Fatigue 3.38 3.02 3.42 2.92 3.26
PD 1.55 1.85 1.84 1.56 2.08
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Chapter 5: Discussion
5.1 M-Wave-Measures
The M-response is a direct motor response. As such, it is not affected by physiological
changes at the level of the spinal cord. It is typically measured in H-reflex studies to ensure
stability in the test conditions. The amplitude of the maximum M-response varies among
individuals and can range from 4-8 mV (Schieppati, 1987). The Mmax values obtained in this
investigation are in line with these expected values, with the group mean peak-to-peak values
ranging from 5.3 to 5.8mV across days. Mmax is believed to represent the recruitment of all
motor units within the muscle. The amplitude of this response therefore, should not change if
test conditions are consistent. If there are no observed changes in the M-response, but changes
are observed in the H-reflex, we can be cOl1fident that the changes in the H-reflex are due to
differences in excitability of reflex arc, not changes in the experimental conditions. While the
absence of changes in Mmax is an ideal condition, changes in this measure have been observed.
Crone et ai. (1999) have reported decreases in Mmax as large as 35.6% in healthy subjects.
However, these decreases are typically observed when the methodology involves evoking
maximal M-responses several times over the course of one test session. In the current
investigation Mmax was evoked a limited number of times with little variation in amplitude. In
fact, the mean Mmax values had a very small range within subjects across days and an extremely
high reliability. Previous studies have reported inter-session reliability of Mmax to range from
0.87 to 0.97 (Palmieri et aI., 2002; Handcock et aI., 2001; Williams et aI., 1992). The results of
the current investigation are in line with these data, with ICC values for the three measures
ranging from 0.83 to 0.96. It is interesting to note that Mslope had an equally high reliability
while dM/dV was slightly lower. This difference suggests that dM/dV is slightly more sensitive
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to small differences in the peak rate of change in the M-wave stimulus-response curve than is
Mslope. --
5.2 H-Reflex Measures
5.2.1 Comparative Amplitude Values. Calculating the peak of the first derivative of the
stimulus-response curve is a novel ,method of estimating H-reflex excitability. Comparisons of
the values obtained in the current investigation witll previous fi1!dings, therefore, cannot be
made. The maximum peak-to-peak amplitude and the slope of the regression line of the
stimulus-response curve, however, can be compared with previous findings. On average, the
maximum peak-to-peak amplitude of the H-reflex is approximately 50% that of the maximum
peak-to-peak amplitude of the M-response, but has been found to range from 24-100% (Zehr,
2002; Schieppati, 1987). The results of the current investigation follow this trend. With the
exception of day four (vibration) the maximum peak-to-peak amplitudes of the H-reflexes were
30-100% Mmax. The slope values are also in line with values previously reported by Funase et ai.
(1994). While Funase et ai. (1994) do not present actual numbers, the figure of mean slope
values depicts that the Hslope and Mslope were both around 1.0 at rest, and that Hslope was greater
than Mslope. Our data are very similar to this, with the mean Hslope ranging from 0.8 to 1.1 across
the five days (except test day 4) and Mslope ranging from 0.7 to 0.8. Thus, we were able to
successfully replicate the methods of Funase et ai. (1994).
5.2.2 Comparative Reliability Values. Literature reporting the reliability ofH-reflex
measures is limited. In general, the few investigations that exist, report that H-reflex recordings
are very robust. It has been shown that H-reflex recordings from the soleus are very reliable
within a subject across trials, with Pearson r-values greater than 0.95 (Handcock et aI., 2001,
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Williams et aI., 1992). Furthermore, the maximum peak-to-peak amplitude within individuals
across rest-days has also been found to be reliable with- ICC(3, 1) values as high as 0.99 reported
for the triceps surae (Handcock et aI., 2001, Morelli et aI., 1990). While the ICC values obtained
in the current investigation were not quite as high as previously reported, the measures were
found to be reliable. Discrepant findings may result from the different measurements
investigated and the statistical procedures chosen. Most of the previous investigators report
Pearson r values, while we chose the ICC(2,k).
While the Pearson r is a widely used method for calculating reliability, it is limited in its
effectiveness. It is a comparison of deviations from a mean. As such it is sensitive to the range
of the means, but not to systematic differences between the means (Walmsley & Amell, 1996).
It is also limited to comparing only two measurements at atime (Portney & Watkins, 1993). The
statistical procedures employed in this investigation, the calculation of the ICC, allowed for a
better estimate of reliability. The ICC allows for comparison of more than two mean scores at a
time (Portney & Watkins, 1993). Additionally, the ICC is sensitive to both the range of means
and to systematic differences between them (Carlson & Kroll, 1970). Although Morelli et aI.
(1990) also used the ICC, a different form of the equation was employed in the present
investigation. Morelli et aI. (1990) calculated the ICC using the equation ICC(3,1), indicating
that reliability was estimated based on a three-way ANOVA of a single measure. In the present
investigation a one-way repeated measures ANOVA was performed and the mean of 5 trials was
used in the calculation of reliability with the equation ICC(2,k). The use of mean scores across
trials provides a better estimate of the true score (Portney & Watkins, 1993) making the
statistical methods of this investigation a more stringent test of reliability.
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5.2.3 Possible Sources of Variation. Small differences in the resting activation level of
motoneurbns -have been observed (Funase & Miles-, -1999), which can cause variation in the
amplitude of the H-reflex across trials. This variation can affect the reliability across days.
However, this was controlled for in the present investigation by averaging five trials at each
stimulus intensity. Such averaging has been shown to produce reliable H-reflexes between 0.864
and 0.998 (Handcock et aI., 2001, Hopkins et aI., 2000, Herbert & Boucher, 1998 Williams et aI.,
1992).
Other possible factors that can affect the reliability ofH-reflex recordings, in general,
include inter-stimulus interval, subject position and electrode placement. Large variations in H-
reflex amplitude can be observed if the inter-stimulus interval is not sufficient for relaxation of
the motoneurons. In other words, enough time must be allowed between stimuli for the sensory
and motor neuron activity levels to return to baseline. If the time between stimuli is very short
(10 ms) the response can be inhibited (Zehr, 2002). If it is longer than 10 ms, but shorter than 10
s, the response can be facilitated (Zehr, 2002). A sufficient interval of 15 seconds, however, was
used in this investigation (Pierrot-Deseilligny & Mazevet, 2000). All subjects in this
investigation were lying prone. In this position, the H-reflex can be reliably recorded (Hopkins
et aI., 2000). However, the position of the head, knee, and ankle of the subjects can also affect
H-reflex recordings (AI-Jawayed et aI., 1999). These positions, therefore, were standardized for
each subject and subjects were instructed to remain motionless throughout each session. The
recorded responses, and thus the reliability, could also be altered by even slight changes in the
position of the recording and/or stimulating electrodes. To avoid this, the placement of all
electrodes was carefully marked at the end of each session. This particular factor would have
less impact on the proposed method of estimating excitability than on the traditional methods.
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Because the first derivative of the curve reflects a rate of change, rather than an absolute
amplitude {lfthe-response, it is less likely to be affected by slight changes in electrode placement.
Keeping all of these variables constant provides confidence that the observed changes from day
to day in all measures were physiological, rather than experimental, in origin.
5.2.4 Inhibition. The H-reflex is often referred to as a monosynaptic reflex, suggesting
that the Ia sensory fibres make single synaptic connections with the motor fibres in the ventral
horn of the spinal cord. The amplitude of the H-reflex therefore represents the ability of the
sensory fibres to depolarize the a-motoneurons, or the excitability at the level of the motoneuron
pool. Several researchers, however, suggest that the H-reflex does not quantify motoneuron
excitability as it is influenced by presynaptic and recurrent inhibition (Kernell & Hultborn, 1990;
Morita et aI., 1998; Zehr, 2002). The activity in two inhibitory pathways is believed to be
responsible for this inhibition. The first is autogenic presynaptic inhibition. Activation of the
sensory fibres can also cause activation of group Ia and Ib afferents, which activate group I
inhibitory interneurons (Pierrot-Deseilligny & Mazevet, 2000; Lin et aI., 2002; Marchand-
Pauvert et aI., 2002). This will cause presynaptic inhibition of the a-motoneurons, effectively
decreasing the amplitude of the H-reflex. The second is recurrent inhibition produced by the
activation of Renshaw cells. Renshaw cells can be recurrently activated through activation of
motoneurons and these cells can selectively inhibit a-motoneurons (Pierrot-Deseilligny &
Mazevet, 2000; Earles et aI., 2002~ Marchand-Pauvert et aI., 2002).
While the contribution of these pathways to inhibition of the H-reflex is generally
accepted, there is no direct evidence supporting their roles (Marchand-Pauvert et aI., 2002). It
has been demonstrated that not all motoneurons have recurrent collaterals and not all recurrent
collaterals activate Renshaw cells (Earles et aI., 2002). Additionally, the excitation involved in
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the H-reflex is exclusively due to the effects ofIa sensory fibres on a-motoneurons (Lin et aI.,
2002). -Analysi-sof the late-ncy of discharge of mot6helirbns involveCl in the H-reflex indicates
that the first motoneurons recruited, near threshold of the M-wave, are recruited through
monosynaptic connections (Magladery et aI., 1951). Consistent with this is the suggestion that
the level of inhibition increases with increasing stimulus intensity (Earles et aI., 2002).
Therefore, at low stimulus intensity the contribution of inhibitory pathways is small, making the
activation of the a-motoneurons truly monosynaptic. The observed responses at low intensity
stimulations, therefore, may truly reflect excitability of the motoneuron pool. The purpose of the
method of assessing the H-reflex proposed by Funase et aI. (1994) was to avoid the effects of
collision. Perhaps this method provides an additional advantage in that it avoids not only
collision, but also inhibition. The method proposed in this investigation, calculating the peak of
the first derivative of the stimllius-response curve would share this advantage. For all subjects in
the current investigation the peak of the first derivative of the stimulus-response curve occurred
at or before the threshold of the M-wave. This suggests that this method also avoids both
collision and inhibition. Thus, the rate of change methods of assessing the H-reflex provide a
better representation of excitability of the reflex arc than more traditional methods, such as Hmax.
5.3 Vibration
It is suggested that muscle spindle afferent fibres respond to vibratory stimulation of the
agonistic tendon between 1 and 100 Hz (Calvin-Figuiere et aI., 1999). Such vibration has been
found to have inhibitory effects on the H-reflex (Herbert & Boucher, 1998; Hilgevoord et aI.,
1996; Zehr, 2002). It l1as been reported that vibration of the Achille's tendon can decrease the
amplitude of the H-reflex by 20-75% (Hilgevoord et aI., 1996). Vibratory inhibition of the H-
reflex observed in the present investigation falls within this range. The mean percent decreases
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across all subjects in this investigation ranged from 59%, for the peak of the first derivative of
the curve,'to-70%, for the maximum amplitude of the -H-reflex. All measures-then returned to
baseline on day five, suggesting that these inhibitory effects are not long-term.
It has been demonstrated that the de-recruitment of motor units with vibration follows the
same order as the recruitment pattern (Desment & Godaux, 1978). According to Henneman's
size principle, motor units are recruited in an orderly fashion from smallest to largest
(Henneman, 1957). Recordings from single motor units have indicated that tendon vibration
causes inhibition of the smallest motor units first, at low stimulus intensities, and inhibits motor
units of gradually increasing size with gradually increasing stimulus intensity (Desment &
Godaux, 1978). Although the exact mechanism of this depression is not understood, it is
generally accepted that vibration of an antagonist muscle tendon causes an increase in
presynaptic inhibition of the Ia motoneurons supplying the agonist muscle (Zehr, 2002, Calvin-
Figuiere et aI., 1999).
5.4 Comparison with Traditional Measures
Although the 95% confidence interval revealed no significant differences in the reliability
of the measures, the first derivative of the stimulus-response curve had a higher ICC than the
slope of the regression line, the maximum amplitude, or the amplitude at 5% Mmax. Although
the differences were not significant, it has been demonstrated that the peak of the first derivative
is comparable to the other measures. Tllis proposed method of measuring excitability of the H-
reflex not only has a higher ICC, but also offers additional advantages over the other methods.
The maximum peak-to-peak amplitude of the H-reflex is often used as a method of
estimating the excitability of the reflex arc. However, it is often desirable to evoke H-reflexes at
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a constant level to maintain control between groups (Earles et aI., 2002). The theory supporting
this mefuod'iscthat stimulation of a consistent number-o-f-motoneurorls is asso~ciated with
stimulation of a consistent number of sensory fibres (Capaday, 1997). To accomplish this, the
maximum amplitude of the M-wave is determined and the stimulus intensity is then set to a level
that evokes a certain percentage of that maximum (Hwang, 2002). The peak-to-peak amplitude
of the H-reflex at that intensity (in the present investigation this was 5%) is then calculated.
However, these traditional measures are limited by the collision effect (Funase et aI., 1994).
When Hmax is observed the threshold for the M-wave has been reached. This direct activation of
the motor fibres produces antidromic potentials, which collide with the orthodromic sensory
signal, preventing some of that sensory signal from reaching the muscle. The actual level of
activity within the spinal cord, therefore, is not truly represented at the muscle. This collision is
less significant when evoking the H-reflex at a stimulus intensity corresponding to 5% Mmax
(Basmajian & DeLuca, 1985). This may explain the lower ICC value of Hmax as compared to
A possible explanation for the peak of the first derivative having a higher ICC value than
both Htnax and Hs% is that it provides a rate of change, rather than an amplitude. This makes it a
more robllst measure, with less variability between trials. Because it is less likely to be affected
by even slight changes in experimental conditions, for example, small differences in electrode
placement, it is more likely to yield more consistent values, making it more reliable. The slope
of the regression line, as proposed by Funase et ai. (1994) also provides a rate of change, but the
peak of the first derivative offers a more parsimonious fit for a sigmoid-shaped curve than a
least-squares linear fit. Additionally, the methods employed by Funase et ai. (1994) to fit the
regression line and calculate the slope, were somewhat ambiguous. Funase et ai. (1994) state
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that the regression line was fit to points on the H-reflex stimulus-response curve that were below
the threshold-forthe M-response. The number of stirtllilation steps -separating the thresholds of
the H-reflex and the M-response, however was variable within subjects across trials. To allow for
more consistency in the number of points across trials, we analyzed the H-reflex stimulus-
response curve from 5% of Hmax up until 10% of M,nax. This algorithm allowed for a similar
number of data points across subjects and trials for the least-squares linear fit and minimized the
effects of collision. Since the Hslope means observed in this study were nearly identical to those
reported by Funase et al. (1994), the algorithm was successful.
5.5 Mood
Mood is a relatively long-lived subjective feeling (Ketai, 1975). It is composed of all
emotions, physical states, cognitive states, and the external environment (Mayer et aI., 1994).
Despite its relative stability it has been shown to be influenced by environmental stimuli (Ketai,
1975; Rusting, 1998; Russell, 2003). It has also been suggested that changes in mood have a
closely-linked physiological counterpart (Russell, 2003). Such alterations in mood have been
linked with such physiological changes as changes in heart rate and neurotransmitter, and
hormone levels (Berger et aI., 1993). While it has been demonstrated that changes in both mood
and H-reflex amplitude are correlated with changes in exercise performance (Raglin et aI., 1995),
a direct link between mood and the H-reflex amplitude has not been made.
It has been suggested that anxiety may negatively affect the neuromuscular system during
force production (Behm & Button, 2002). Although this is an intriguing suggestion, the
construct of anxiety, nor any other psychological construct, has been evaluated in such an
investigation. Because the idea of psychological factors affecting neuromuscular responses have
never been empirically measured, a general measure of mood, the Subjective Exercise
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Experience Scale (SEES), with a subscale measuring psychological distress was chosen in this
investigatio'n-.-> The psychological distress subscale -has been shown to be positively correlated
with both the negative states on PANAS and with measures of state anxiety (McAuley &
Courneya, 1994). While the subscales of fatigue and psychological well-being remained stable
across the five test days, psychological distress sl10wed a significant cubic trend in its day-to-day
changes. The amplitude of the H-reflex at 50/0 M1nax also showed a significant cubic trend across
the five days.
Both psychological distress and Hs% showed a profoulld decrease on day 4 when
vibration was applied to the Achilles tendon. Such a decrease was expected in the H-reflex with
vibration, due to increases in presynaptic inhibition, as previously discussed. The reason for the
decrease in distress, however, is somewhat more elusive. The subjects were aware of the
perturbation and had been oriented to the sensation prior to filling out the SEES on day 4. It is
therefore possible that the introduction of a relaxing stimulus, as opposed to the electrical
stimulation of the nerve, decreased any distressful feelings the subjects had about the stimulation
protocol. Both psychological distress and Hs% then returned to baseline on day 5, when this
perturbation was removed. The trend analysis indicated a significant decrease in Hs% from day 1
to day 3. Ideally, the amplitude of the H-reflex should remain constant across test days when
there is no perturbation of the system. This decrease in the amplitude of the H-reflex was
associated with an increase in psychological distress from day 1 to day 3. Possible reasons for
this increase in distress include subjects becoming bored with the protocol, or subjects becoming
more anxious about the electrical stimulation. Although the mechanisms for the observed
changes in Hs% and psychological distress are not known, it is possible that they are related.
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This is very preliminary data investigating trends in the means and does not show a direct
correlation-between any ofthesubscales of mood and the amplitude-of the H:reflex. However,
the similarity in the trends of Hs% and psychological distress suggests that the negative valence
of mood, as measured by the SEES may be related to changes in H-reflex amplitude. This
provides evidence that measures of mood, or perhaps measures of state anxiety, may be useful in
H-reflex investigations. Further research should be done using measures of state anxiety and
larger subject pools to validate mood or anxiety as a covariate.
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Chapter 6: Summary and Conclusions
6.1 Summary and Significance
Assessment of excitability using H-reflex recordings is a beneficial clinical and research
tool. It is important, therefore, to understand the characteristics of its measurement. We need to
be confident that observed alterations in the H-reflex are associated with physiological
mechanisms and not random variation in its measurement. It has been demonstrated here that
calculating the peak of the first derivative of the stimulus-response curve has comparable
reliability and sensitivity to more traditional methods of assessment. This new method further
offers two distinct advantages over traditional measures. It avoids the limitation of collision, as
suggested by Funase et al. (1994) and possibly avoids the limitation of inhibitory inputs. It is
also less affected by slight changes in experimental conditions, as it reflects a rate of change
rather than an absolute amplitude, making it a more robust measure of excitability. The method
of calculating slope of the regression line of the stimulus-response curve, as proposed by Funase
et al. (1994) also offers these advantages. However, their method is limited in its poor
approximation of the beginning portion of the H-reflex stimulus-response curve, which has a
sigmoid shape.
Although·further research needs to be done to fully understand the effects of mood on the
H-reflex, some preliminary suggestions are offered here. It was demonstrated that the mean
scores of a negative pole of mood, psychological distress, varied significantly across days. The
trends in the changes of the mean followed a trend similar to that of changes in the amplitude of
the H-reflex at 5% Mtnax . Although there was no significant correlation between the two
Ineasures, both had a significant cubic trend. The inexplicable changes in both psychological
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distress and H5% from day 1 to day 3 suggests that the changes in the two measures may be
related. -It is-therefore possible that measures of anxiety would be useful in studies of the H-
reflex. However, further investigation involving a larger number of subjects must be conducted
before any firm conclusions can be drawn about this possible relationship.
6.2 Conclusions
The peak of the first derivative of the H-reflex stimulus-response curve was as sensitive
as otl1er measures to changes in the neuromuscular system produced by vibration. Although the
first derivative of the stimulus-response curve 11ad a higher ICC value than the slope of the
regression line of the curve and the amplitude measures, its reliability was statistically similar.
This newly proposed method, however, does provide other advantages over the traditional
methods. It was additionally determined that a sub-scale of mood assessment, psychological
distress, may be a useful covariate when assessing H-reflex recordings. Although psychological
well-being and fatigue remained stable, changes in psychological distress followed a pattern
similar to changes in the amplitude ofH-reflex recordings across days.
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Brock University
Senate Research Ethics Board
FROM: David Butz, Chair
Senate Research Ethics Board,· (REB)
TO: Dr. David Gabriel, Physical Education
Dr. Joffre Mercier, Biology
Anita Christie, Biology
FILE: 00-034, Christie
DATE: October 30, 2000 _
Extensions 3205/4315, Room C315
The Brock University Research Ethics B'oard has reviewed the research proposal:
"Realiability oftlte slope oftlte Hoffnlann refle~stin~ulus-response
curve for the upper extrenlity. " --
The Subcommittee finds that your' proposal conforms to' the Brock University guidelines
set out for ethical research.
*Accepte{l as is (Consider changing "principle investigator" to "principal investigator",
and "free to withdrawa1'~ to "free to withdraw")
Please note: IfChanges or Modifications are required to this approved research, they
must be reviewed and approved by the committee. Ifso, please complete form #5 -
Requestfor Etltics Qearance ofa Revision or Mo{lijication to an Ongoing application
for Btlzies RevieJ'v ofReSe(lrc]t lvith Hunz(zn Participants and submit it to the Chair of
the Research Ethics Board. You can download this form from the Office ofResearch
Services or visit the web site:
http://www.BrockU.CA/researchservices/mainethicsformpage.html
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BROCK UNIVERSITY DEPARTMENT OF APPLIED HEALTH SCIENCES
Informed Consent Form
Title of Study: Reliability of the slope of the Hoffmann reflex stimulus-response curve for the
soleus.
Principal Investigator: Anita Christie
Graduate Student
i\pplied Health Sciences
Brock University
500 Glemidge Avenue
St. Catharines, Ontario
L2S 3Al
Phone: (905) 688-5550 ext. 3880
E-mail: anitac@niagara.com
Supervising Professor: David A. Gabriel, Ph.D.
Assistant Professor Biomechanics
Department of Physical Education
Brock University
500 Glemidge Avenue
St. Catharines, Ontario
L2S 3Al
Phone: (905) 688-5550 ext. 4362
E-mail: dgabriel@arnie.pec.brocku.ca
This study has been reviewed and approved by the Brock research Ethics Board (File
#00-034). The Brock Research Ethics Board requires written informed consent from participants
prior to participation in a research study, so that they are aware of the nature of the risks of
participation and can decide to participate or not to participate in a free and informed manner.
You are asked to read the following material to ensure that you are informed of the nature of this
research study and how you will participate in it if you consent to do so. Signing this form will
indicate that you have been so informed and that you give consent.
Introduction:
You are being asked to participate in research being conducted by Anita Christie. This
research is designed to examine neuromuscular activity in a muscle of the lower leg following
stimulation of an associated nerve. The ultimate goal of this study is to assess the measurement
properties and the reliability of a proposed method of analyzing neuromuscular excitability.
You will come to the Biomechanics Laboratory in the Physical Education Complex at
Brock University for a total of five test sessions over a one-week period. Each test session will
last approximately two hours. All testing will be conducted by Anita Christie. During each
session you lay flat on your stomach on a testing table, with your head tilted to one side. You
will allow the nerve above the bacl( of your knee to be electrically stimulated up to 220 times
during any given session. This does not require the insertion of any needles and is safe for you.
T11e electrode for stimulating the nerve will be taped to the skin surface and will deliver very
brief electrical impulses through the skin. Changes in muscle electrical activity will be
monitored by placing two electrodes over both a muscle in the back of the lower leg and a
muscle in the front of your lower leg, with a distance of three centimetres between the two
electrodes. This is similar to the electrocardiogran1 wherein surface electrodes are placed on the
chest to monitor electrical activity of the heart muscle.
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On the fourth day of testing a vibrator will be held against the Achilles tendon and will be
used to massage the tendon for two seconds before nerve stimulation occurs. This procedure is
safe for-yoY-and is _painless-.
Risks and Discomforts:
It is not possible to predict all possible risks or discomforts that a participant may
experience in any research study. Based on previous studies with similar methodology, the
present investigator anticipates no major risks or-discomforts will occur in the present study.
Participants sometimes experience mild discomfort when their skin is gently cleaned and
rubbed with a mild abrasive in preparation for electrode placement. On occasion, some subjects
may experience skin irritation associated with the placement of the electrodes. This is usually
very mild and goes away in a few hours, or a day.
Electrical stimulation to the nerve will be brief and is not usually perceived as painful.
On rare occasion, some individuals are unable to tolerate electrical stimulation to the nerve and
feel faint; it is impossible to know in advance if you are such an individual. The test will be
discontinued at the onset of nausea or fainting. You will already be lying down during the test.
Alternatives:
Needle electromyography is an alternative method for studying muscular activity.
Surface electrodes, therefore, represent the least invasive means of recording the electrical
activity of the muscle.
Voluntary Participation:
Participation in this study is voluntary. Refusal to participate will not result in any
consequences to you. You will inform the investigator, Anita Christie, of your intention to
vvithdraw prior to removing yourself from this study.
Termination of Participation:
Participation in this research study may be terminated under the following circumstances.
The investigator, Anita Christie, may discontinue your involvement in the study at any time if it
is felt to be in your best interest, if you do not comply with the study requirements, or if the study
is stopped. You will be informed of any changes in the nature of the study or in the procedures
described, if they occur.
Potential Benefits:
You will receive no direct benefits from participating in this study. However, you should
know that your willingness to serve as a subject for this experiment will help a Brock University
researcher and other scientists develop new, non-invasive methods of assessing neuromuscular
activity.
Costs and Compensation:
The cost of the test and procedures are free. You will not receive any form of
compensation for your participation in this study.
Confidentiality:
Although data from this study may be published, confidentiality of information
concerning all participants will be maintained. Any personal information related to you will be
kept in a locked office, to which only the Faculty Supervisor will have access. Names of
participants or materials identifying participants will not be released without written permission,
except as such release is required by law.
Persons to Contact ,vith Questions:
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The investigator will be available to answer any questions concerning this research, now
or in the future. You may contact the investigator, Anita Cllristie, by telephone at (905) 680-
0431 (home)-{)f at (905) 688-5550 ext. 3880 (Biomecahnics Laboratory), or by email at
anitac@niagara.com. Alternatively, you may contact the supervising professor, David A.
Gabriel, Ph.D., by telephone during office hours at (905) 688-5550 ext. 4362, or by email at
dgabriel@arnie.pec.brocl(u.ca. Also, if questions arise about your rights as a research subject,
you may contact the Director of the Office of Research Services at (905) 688-5550 ext. 3205. If
you wish to speak with someone not involved in the study, please call Dr. Anna Lathrop, Chair
of the Department of Physical Education at (905) 688-5550 ext. 4361.
Consent to Participate: _
Certify that you have read all the above, asked questions and received answers
concerning areas you did not ul1derstand, and have received satisfactory answers to these
questions. You willingly give consent for participation in this study. A copy of the consent form
will be given to you.
Name of Participant (please print):
Signature of Participant Date (day/month/year)
In addition to the considerations described in this document, the investigator fully intends
to conduct all procedures with the subject's best interest uppermost in mind, to ensure the
subject's safety and comfort.
I have fully explained the procedures of this study to the above volunteer. I believe that
the person signing this form understands what is involved in this study and voluntarily agrees to
participate.
Anita Christie Date (day/month/year)
If you wish to receive a summary of the results from this study, please complete the
following information. A summary will be sent to you once all data have been analyzed. This
summary will be maintained as part of your file that will be stored in a locked office. When and
if the data are published, you may also have access to the results on the world wide web. Type
the name of the Faculty Supervisor (David Gabriel) as part of a search on Medline at:
http://www.nlm.nih.gov/databases/freemedl.html.
Name of Participant:
Mailing Address:
Street, P.O. Box, Rural Route #, Apt. #
City, Province, Postal Code
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Subjective Exercise Experience Scale·(SEES) ~
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Subject #: _ Day#: _
Subjective Exercise Experience Scale (SEES)
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The SEES is a 12-item adjective scale requiring the subject to rate current feelings along a 7-
point intensity scale ranging from "Not at all" to "Very much so". The instrument provides three
subscale scores that are sensitive to the stimulus properties of exercise. These include: positive
well-being, psychological distress and fatigue. Evidence for internal-consistency, internal
validity and factorial validity have been shown.
Directions: Please indicate the degree to which you are experiencing each feeling RIGHT NOW
Not at all Moderately Very much so
8. Discouraged
1 2 3 4 5 6 7
Not at all Moderately Very much so
9. Fatigue
1 2 3 4 5 6 7
Not at all Moderately Very much so
10. Terrific
1 2 3 4 5 6 7
Not at all Moderately Very much so
11. Miserable
1 2 .., 4 5 6 7j
Not at all Moderately Very much so
12. Tired
1 2 3 4 5 6 7
Not at all Moderately Very much so
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Between Groups (Males and Females)
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Source
Group
Error
Source
Day
Day * Group
Error
SS
58.050
208.308
SS
3.603
0.878
24.123
DF
1
22
DF
4
4
88
MS
58.050
9.469
Within Subjects
MS
0.901
0.219
0.274
F
6.131
F
3.286
0.800
p
0.021
p
0.015
0.528
APPENDIXE
ANOVA Tables for Mslope
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Between Groups (Males and Females)
97
Source
Group
Error
Source
Day
Day * Group
Error
SS
2.529
18.275
ss
0.122
0.024
2.862
DF
1
22
DF
4
4
88
- -MS
2.529
0.831
Within Subjects
MS
0.031
0.006
0.033
F
3.045
F
0.940
0.188
p
0.095
p
0.445
0.944
APPENDIXF
ANOVA Tables for dM/dV -
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Between Groups (Males and Females)
99
Source
Group
Error
Source
Day
Day * Group
Error
ss
92.285
1097.466
SS
69.007
28.818
557.106
DF
1
22
DF
4
4
88
MS
92.285
49.885
Within Subjects
MS
17.252
7.205
6.331
F
1.850
F
2.725
1.138
p
0.188
p
0.034
0.344
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ANOVA Tables for Hmax
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Between Groups (Males and Females)
101
Source
Group
Error
Source
Day
Day * Group
Error
SS
0.933
41.189
SS
80.100
0.707
43.718
DF
1
22
DF
4
4
88
MS
0.933
1.872
Within Subjects
MS
20.025
0.177
0.497
F
0.498
F
40.308
0.356
p
0.488
p
0.000
0.839
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ANOVA Tables for Hs%
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Source SS
Between Groups (Males and Females)
DF F p
103
Group
Error
Source
Day
Day * Group
Error
0.772
69.610
SS
71.136
2.004
52.642
1
22
DF
4
4
88
0.772
3.164
Within Subjects
MS
17.784
0.501
0.598
0.244
F
29.729
0.837
0.626
p
0.000
0.505
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ANOVA Tables for Hslope
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Between Groups (Males and Females)
105
Source
Group
Error
Source
Day
Day * Group
Error
SS
0.016
11.358
SS
9.415
0.317
9.874
DF
1
22
DF
4
4
88
MS
0.016
0.516
Within Subjects
MS
2.354
0.079
0.112
F
0.032
F
20.976
0.707
p
0.860
p
0.000
0.589
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ANOVA Tables for dH/dV
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Between Groups (Males and Females)
107
Source
Group
Error
Source
Day
Day * Group
Error
SS
60.162
1617.123
SS
924.079
60.877
1143.832
DF
1
22
DF
4
4
88
MS
60.162
73.506
Within Subjects
MS
231.020
15.219
12.998
F
0.818
F
17.773
1.171
p
0.375
p
0.000
0.329
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PWB
Subject # Day1 Day 2 Day 3 Day 4 Day 5
1 5.5 5.5 5.25- 4.75 5.25
2 6.5 5.5 6 6.5 6.5
3 6.5 4.75 7 7 7
4 4.5 4 4.5 5 5
5 6.25 5.75 6 5.5 5.75
6 4.5 5 4.5 4.25 4.5
7 6 7 6.25 5.75 5.5
8 5.25 6.25 2 5 5
9 5 6 6 6 6
10 5 5.25 4.25 4 4.25
11 6 5.5 4 5.25 4.25
12 5.25 5 5.5 4.25 4
13 6.25 6.5 7 6.25 6.25
14 4.25 4.5 5 4.75 4
15 5.75 6.75 4.25 4.75 2.5
16 6.25 6.25 6.5 6.75 6.75
17 5.75 5.5 4.25 6 2.5
18 5.5 6 5.5 6 5.5
19 5.75 6.25 5 5.25 5.75
20 6 5.25 5.75 6 5.75
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Raw Data -for-Fatigue
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Fatigue
Subject # Day1 Day 2 Day 3 Day 4 Day 5
1 5 4.25 3.5 3.75 3.75
2 4.5 4.5 4 2 2.75
3 2 4.75 1 3.75 3
4 3.25 5.5 5.5 2.25 2.25
5 4.25 4 2.75 3 4
6 2 2.25 3 2 2
7 1 1 2.25 1.5 1
8 1.75 1 6 1.5 1
9 5 2.5 3 5 4
10 3.25 3.25 3.75 4 4
11 3 2.25 4.5 4· 1.75
12 5.25 4 3.5 4.5 4
13 1 1 1 1 1
14 4.5 3.75 3.75 4.5 4.75
15 4.75 1 4 2.5 6.75
16 1.25 1.5 1.5 1.5 1.5
17 4 3.25 4.75 3 6.25
18 4.25 5.25 6 4.25 6.5
19 5 1.25 1.5 1.5 1.5
20 2.5 4.25 3.25 3 3.5
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·PD
Subject # Day1 Day 2 Day 3 Day 4 Day 5
1 1 1 1 1 1.25
2 1.75 3.75 2.5 2.75 2.25
3 1.25 3.5 1 1.5 1.5
4 1.75 3 2 1 1.75
5 2 1.5 1.75 1.75 2.25
6 1 1.5 1.25 1 1
7 1 1 1 1 1
8 1.75 1 4.25 1.5 1
9 3 1 1 1 1
10 1.25 1.25 2 2 2.25
11 1.75 3.25 3 1.75 2
12 1 1.25 1.25 2.5 2.25
13 1 1 1 1 1
14 2.25 2.75 3.5 3.25 4.75
15 1.25 1 2 1.5 4.75
16 1 1 1 1 1
17 2.25 1 2.75 1.25 5.25
18 1.75 1.5 1.5 1.25 1.5
19 1 1 1 1 1
20 2 4.75 .2 2.25 2.75
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